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ABSTRACT Beyond fifth generation (B5G) / sixth generation (6G) wireless systems require full utilization
of all spectrums. However, hardware devices operating in the high-frequency bands bring a series of non-
ideal behaviors, including nonlinear distortion caused by high-power amplifiers and phase noise generated
by radio-frequency oscillators, which will lead to performance degradation of traditional signal modulation
technology. To this end, this paper proposes a 5G new radio-compatible constellation design method using
projection over quadrature amplitude modulation (QAM). First, to address the nonlinear distortion caused
by power amplifiers, the pseudo-amplitude-phase-shift keying (APSK) constellation with a low peak-
to-average power ratio is proposed. The signal points are selected from QAM by minimum Euclidean
distance with APSK. Second, for a phase noise channel, the pseudo-spiral constellation is designed with
the projection of Spiral constellation points onto QAM by the proposed minimum radial-angular weighted
distance. Simulation results show that the proposed pseudo-APSK modulation outperforms traditional QAM
at medium and high code rates considering nonlinear distortion produced by a power amplifier. Besides,
the proposed pseudo-spiral modulation exhibits significant performance gain and improved robustness
compared to QAM under phase noise-affected channels, particularly in medium-high signal-to-noise ratio
conditions.

INDEX TERMS APSK, B5G/6G, constellation design, phase noise, power amplifier, QAM, spiral.

I. INTRODUCTION

IN THE future, high-rate wireless communication is
expected to support wider spectral bandwidth and make

full use of various carrier frequencies. Thus, higher
frequencies such as mmWave and Terahertz (THz) are
considered to meet the requirements of beyond fifth gen-
eration (B5G) and sixth generation (6G) networks [1],
[2]. However, for high-frequency broad bandwidth systems,
hardware impairments can lead to severe nonlinear signal
distortions and performance degradation of traditional sig-
nal modulation technologies [3], [4]. On the one hand, the
nonlinearity of the power amplifier (PA) causes amplitude
distortion and phase shift of the modulated signal. On the
other hand, phase noise (PN) generated by high-frequency

oscillators causes the modulated signal to encounter disper-
sion at the angle and suffer from strong phase impairments.
At present, quadrature amplitude modulation (QAM) has
been adopted in fifth generation (5G) new radio (NR) of 3rd
Generation Partnership Project (3GPP) standards [5], but it
is unsuitable to be directly transposed to B5G/6G for its poor
performance under non-ideal conditions of hardware devices.
In addition, the construction of the integrated space and ter-
restrial network (ISTN) has become a significant trend of 5G
and 6G communication networks to realize global coverage
(land, air, space, sea) [1], [6], [7], which makes compat-
ibility with existing systems meaningful. Consequently, a
unified constellation design will be needed to support both
terrestrial and non-terrestrial networks (NTN), as well as to
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mitigate the effects of hardware impairments. It is necessary
to re-evaluate modulation technologies and design constel-
lation diagrams available for high-frequency, high-data rate
transmission with backward compatibility.

A. LITERATURE AND MOTIVATION
Efforts have been made to improve the performance of com-
munication systems impaired by PA nonlinearity and PN. For
example, one approach to resist PA nonlinearity is to reduce
the peak-to-average power ratio (PAPR) of transmitted sig-
nals based on encoding methods, constellation modulation or
waveform design. For a PN channel, improvements can be
made from both the receiver and transmitter sides. In partic-
ular, this section mainly introduces literature on constellation
optimization for PAPR reduction and PN channels.
The constellation design for PAPR reduction before enter-

ing the power amplifier to reduce the non-linear distortion
has been extensively studied. The carrier injection algorithm
proposed in [8] modifies constellation points in multiple
subcarriers to achieve PAPR suppression, increasing the size
of the constellation so that each constellation point in the
complex plane of the original constellation is mapped to
several other points in the extended constellation before
inverse discrete Fourier transform (IDFT) processing. Active
constellation extension (ACE) is introduced in [9], [10],
[11] to extend constellation points outward without reduc-
ing the minimum Euclidean distance between constellation
points, which can reduce PAPR while ensuring bit error
rate (BER) performance. However, the signal transmis-
sion power becomes larger, which limits the applicability
of high-order modulation schemes. Symmetric constellation
extension (SCE) is proposed in [12], in which each con-
stellation point is represented by two rotationally symmetric
points. The basic idea is to use a deterministic and effi-
cient algorithm to design optimum signs for each subcarrier
of a multicarrier signal, modulated by any codeword, to
reduce its peak to mean envelope power ratios (PMEPR).
Reference [13] reduces PAPR for orthogonal frequency-
division multiplexing (OFDM) systems in a probabilistic
framework, aiming at the best representation of the data
for each subcarrier. A de-randomization algorithm is used
for an optimal representation of the OFDM signal either
by points in the original constellation or by extended ones,
which reduces the average transmission power by 0.64 dB
compared with the SCE modulation scheme. The constel-
lation shifting (CS) proposed in [14] breaks the traditional
one-to-one bit-to-symbol mapping rule. The shifted 16QAM
ensures a constant minimum Euclidean distance and obeys
the rules of the Gray Code. A sequence of bits can be
mapped to four candidate constellation points after shifting.
The scheme saves power and allows the receiver to know
the precise location of the shifted constellation points. The
combination of two signal constellations is an effective solu-
tion to reduce PAPR as well [15]. Two constellation schemes
are used to encode binary data in an OFDM symbol, and
a suitable constellation is selected for each subcarrier to

reduce PAPR. Its core idea is to apply an exhaustive search
algorithm to find the best arrangement of two constella-
tion schemes in an OFDM symbol, and then achieve PAPR
suppression.
In addition to the above methods, constrained constella-

tion formation is also an effective way to reduce PAPR by
adjusting constellation points on the in-phase and quadrature
(IQ) plane under certain constraints, such as average power
normalization and maximum power normalization. The usual
rules include maximizing the minimum Euclidean distance,
maximizing mutual information (MI), and minimizing the
BER. The representative one is amplitude-phase-shift key-
ing (APSK) constellations C. Thomas et al. proposed. They
first described the low PAPR characteristic of APSK in [16].
The Gray APSK proposed in [17] provides shaping gain for
satellite communication, which proves that Gray APSK in
bit interleaving coding systems has greater channel capacity
and better block error rate (BLER) performance than QAM,
and the gain is more obvious with the increase of modulation
order.
Assuming a PN channel, it is found that phase noise will

cause random rotation of the received signal, leading to phase
impairments and detection errors. Besides, phase noise will
destroy the orthogonality of subcarriers in OFDM systems,
resulting in inter-carrier interference (ICI) and thus degrad-
ing system performance. The problem of compensating for
systems affected by phase noise based on the optimization of
the signal constellation to achieve coherent performance has
been widely investigated in prior work. Several approaches
have been considered, including the design method with
the symbol error probability (SEP) or mutual information
as the objective function, spiral constellation and circu-
lar constellation design, which are introduced respectively
below.
Foschini et al. first started their research on the

optimization of PN constellation in [18], which used a heuris-
tic search to select signal points in the lattice to minimize
the SEP with Tikhonov phase noise. In [19], constellations
that are robust to phase noise with low decoding complex-
ity were designed. In [20], the SEP of maximum likelihood
(ML) detector with a given phase offset was derived, and
a gradient descent algorithm was used to find the con-
stellation minimizing the SEP. An iterative constellation
optimization algorithm considering additive white Gaussian
noise (AWGN) and phase noise was proposed in [21], which
was applied to the square 16-QAM constellation. To miti-
gate the nonlinear phase noise in the coherent APSK system,
two-stage (TS) ML detection, including amplitude detection
and phase detection, was used in [22], [23], [24], and the
low order APSK was optimized according to the TS detector
to minimize the symbol error rate (SER). However, this kind
of modulation scheme has poor performance under highly
nonlinear conditions, and this suboptimal detection strategy
requires accurate knowledge of the transmission link.
Under the assumption that both channel noise and phase

noise are white noise, Kayhan and Montorsi proposed a fast
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approximation method to compute the achievable mutual
information (AMI) for a given constellation, and a simu-
lated annealing algorithm was used to maximize the AMI
under the average power constraint to obtain the optimal
constellation in [25]. Based on [25], Krishnan et al. pro-
vided an analysis framework for constellation design by
considering three optimization formulas to study constel-
lation optimization under strong phase noise in [26]. It is
proved that the optimized constellations are superior to tra-
ditional QAM, phase shift keying (PSK) and spiral QAM
in SEP, error floor and MI. However, they do not have any
specific structure, which can make their actual implemen-
tation complicated. In [27], Kayhan and Montorsi used the
simulated annealing algorithm to optimize constellation and
binary labels together. They considered pragmatic average
mutual information (PAMI) as the objective function and fur-
ther clarified the superiority of optimized constellations with
8, 16, 64 and 256 signals over conventional constellations.
Spiral constellation design is also a valid means to com-

bat phase noise due to its geometric structure, which helps
mitigate the impact of PN. In 2008, Kwak et al. proposed a
method to design spiral QAM constellations [28]. The violent
search algorithm is used to determine the bit-to-symbol map-
ping rules. Based on simulation results of BER performance,
the validity of spiral QAM in the presence of phase noise
is verified. However, the spiral design proposed here is
based on a more computationally intensive process, and it
does not allow constellations to be defined using closed-
form expressions. Inspired by the geometric structure of the
Archimedean spiral, Ugolini et al. placed constellation points
on the Archimedean spiral and proposed spiral constella-
tions based on the semi-analytic description in the Gaussian
phase noise channel with an optimized spiral shape parameter
fs [29], [30]. Constellation points defined by an expression in
a closed form allow for a simple design. Reference [30] com-
pares the information rate (IR) and error rate performance
of spiral constellations with QAM and APSK to prove the
significant superiority of this modulation scheme.
Last but not least, it has been proved in [24], [31],

[32], [33] that circular constellations whose points are on
concentric circles may achieve performance gain over PN
channels as well, including circular QAM, APSK, and the
constellation defined upon a lattice in the amplitude-phase
domain. For instance, the Polar-QAM scheme with effi-
cient binary labeling and demodulation is proposed in [33],
which provides performance gains and a low-complexity
implementation.
To sum up, most of the existing solutions on constellation

optimization for hardware impairments are not compatible
with the modulation schemes in 5G NR. First, the IQ val-
ues of these optimized constellation points are not integers,
which will increase the quantization error for digital pro-
cessing. Besides, the bit-to-symbol mapping methods of
these constellations are different from QAM, which may
require different modulation or demodulation methods and
transceiver structures. As a result, incompatible modulation

schemes will be extremely inconvenient for future B5G/6G
communication systems, such as the scenario of ISTN [34],
[35], [36]. Thus, there is an urgent need for a unified
constellation design method.

B. CONTRIBUTIONS
Different from previous work, in this paper, we propose an
NR-compatible constellation design for high-frequency band
transmission, considering the nonlinear distortion caused by
a power amplifier and phase impairments due to phase noise.
Based on a certain distance criterion, N-order constellation
points are directly selected from M-QAM defined in 5G
NR satisfying M > N to approximate other constellation
diagrams and gain additional benefits. Thus, N-APSK_M-
QAM constellations with low PAPR and N-Spiral_M-QAM
modulation with phase noise resistance are designed, respec-
tively. By projecting signal points onto QAM, the new
constellations obtained can be compatible with existing 5G
modulation schemes. Meanwhile, they also retain the advan-
tages of the original constellations before projection. The
main contributions of this paper can be listed as follows:
1) We propose a B5G/6G-compatible unified constella-

tion design using projection over QAM. This method
provides a bridge and tool that matches state-of-the-
art constellations optimized for hardware impairments
with 5G standards to compensate for the performance
deterioration of QAM under non-ideal conditions.
Based on the concept of projecting constellation points
over QAM, we then give two examples, including the
design of pseudo-APSK and pseudo-spiral.

2) We propose an NR-compatible pseudo-APSK
(pAPSK) constellation design to mitigate the nonlin-
ear distortion caused by PA. N constellation points
are selected from M-QAM by minimum Euclidean
distance to form an N-APSK_M-QAM constellation.
Meanwhile, Bit-to-symbol mapping rules are also
designed, which multiplex the rules of APSK in
digital video broadcasting (DVB) standard [37], [38].
Specifically, expressions in closed form are proposed
for the bit-to-symbol mapping.

3) We propose an NR-compatible pseudo-spiral (pSpiral)
constellation design to suppress the effect of phase
noise. For the projection process under phase noise, a
new distance criterion considering both the radial dis-
tance and the angular distance is designed. That is, the
points are selected from QAM by using the proposed
criterion of minimum radial-angular weighted distance.
Moreover, we give the bit-to-symbol mapping method
according to the spiral architecture and the rotation of
points due to phase noise.

4) We evaluate the coded block error rate (BLER)
performance of proposed pAPSK constellations, as
well as the uncoded SER performance of pSpiral con-
stellations. Simulation results show that the proposed
N-APSK_M-QAM modulation scheme outperforms
traditional N-QAM, especially under high code rates.
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Besides, the proposed N-Spiral_M-QAM modulation
is also superior to QAM and is more robust to phase
noise change.

The rest of this paper is organized as follows: In Section II,
the system models of PA response and PN channel are
described. Besides, the design concept is also elaborated.
Then, N-APSK_M-QAM and N-Spiral_M-QAM modulation
schemes are introduced in Sections III and IV, respec-
tively. Section V presents the simulation results of the
proposed constellations. Finally, our work is summarized
and concluded in Section VI.

II. SYSTEM MODEL AND DESIGN CONCEPT
In this section, we first give the modeling of the power
amplifier response and the channel model affected by phase
noise. Then, we explain the design concept of the proposed
unified constellation design.

A. PA RESPONSE MODEL
The output power of an ideal power amplifier is linear to the
input power, but it is difficult to achieve in practical power
amplifiers. When the signal enters the non-linear region of
a practical power amplifier, the output power tends towards
its maximum value and no longer increases linearly with the
increase in input power. Signals with PA working in the non-
linear region will have amplitude and phase distortion, which
are reflected in the constellation diagrams corresponding to
the expansion and rotation of constellation points respec-
tively. These two kinds of distortion are collectively called
nonlinear distortion, which will seriously affect the reliability
of the system. Besides, the intensity of nonlinear distortion
will become stronger with the increase of signal amplitude.
Herein, the input signal x(t) and the output signal y(t) after
passing through the power amplifier are given by

x(t) = A(t) cos(2π fct + θ(t)),

y(t) = G[A(t)] cos
[
2π fct + θ(t) + �(A(t))

]
, (1)

respectively, where G[A(t)] is the amplitude-to-amplitude
modulation (AM-AM) distortion, a function describing the
nonlinear distortion between the amplitude of the input signal
A(t) and the amplitude of the output signal with respect to the
PA, and �(A(t)) is the amplitude-to-phase modulation (AM-
PM) distortion, representing the nonlinear distortion between
the amplitude of the input signal A(t) and the phase of the
output signal for the PA.
Common models to characterize G[A(t)] and �(A(t))

include Saleh model, Rapp model, modified Rapp model
and Ghorbani model [39]. Considering that the complemen-
tary metal oxide semiconductor (CMOS) is a commonly
used power amplifier in practical communication systems,
in this paper, we focus on the CMOS PA model and employ
the modified Rapp model to characterize its amplitude
and phase distortions within the high-frequency spectrum.
According to [39], the AM-AM and AM-PM characteristics

of the CMOS power amplifier are modeled as (2) and (3)
respectively:

G(A) = g
A

[

1 +
(
gA

Asat

)2s
] 1

2s

, (2)

�(A) = αAq1

[
1 +

(
A

β

)q2
] , (3)

where A is the amplitude of the input signal, and the param-
eters used in the CMOS power amplifier model are as
follows [39]: g = 4.65, Asat = 0.58, s = 0.81, α = 2560,
β = 0.114, q1 = 2.4, q2 = 2.3.

B. PN SYSTEM MODEL
Assuming a complex AWGN channel with phase noise, the
k-th received signal can be written as

yk = xke
jφk + nk, (4)

where xk is the k-th transmitted constellation point, φk
denotes the phase noise sample, and nk is the complex
Gaussian noise with variance σ 2

n , i.e., nk ∼ CN (0, σ 2
n ).

The phase noise sample φk is assumed to have a zero-mean
Gaussian distribution with variance σ 2

φ , i.e., φk ∼ N (0, σ 2
φ ).

The Gaussian noise samples nk denote a set of indepen-
dent identically distributed (i.i.d.) complex Gaussian random
variables. The phase rotation φk represents the residual
phase noise after the phase tracking and compensation of
the received signal. Generally, the samples {φk} may be
correlated. However, an ideal estimator which can remove
any correlation is considered to simplify the analysis [18],
[26], [40]. Thus, the residual PN impairments [φ0, . . . , φL−1]
stands for a memoryless phase noise process [41], where L
is the number of received symbols. The transmitted sym-
bol xk is randomly picked up from the signal constellation
{sm,m ∈ {1, . . . ,M}} of M points, and all the points are sent
equally with the probability 1/M. Note that xk and φk are
independent of each other.

C. DESIGN CONCEPT
This paper proposes a simple but effective 5G-compatible
constellations design method for B5G/6G. In the proposed
method, new constellations can be designed to meet different
non-ideal factors faced by practical systems while ensuring
backward compatibility with 5G NR. Specifically, N-order
constellation points are projected onto QAM of M signal
points based on a certain distance criterion, where M is
generally greater than N.
Remark 1: The proposed method using projection over

QAM provides a unified constellation design framework for
practical wireless communication systems. It is a bridge
and tool that can combine the constellations optimized for
hardware impairments with 5G standards to compensate
for the performance deterioration of QAM under non-ideal
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conditions, with the aim of enhancing the flexibility and
robustness of modulation schemes in practical communica-
tion systems in a straightforward and effective manner.

III. CONSTELLATION DESIGN OF QAM-COMPATIBLE
PSEUDO-APSK
Based on the proposed design concept, in this section,
we present an example of NR-compatible pseudo-APSK
constellation design for nonlinear distortion caused by PA.

A. DESIGN PROCESS OF PSEUDO-APSK
Considering the low PAPR characteristic of the APSK con-
stellation, which is beneficial for reducing the impact of
PA nonlinearity, the DVB standard has taken APSK as
the modulation scheme [37], [38]. In this section, N-order
pAPSK constellation points are selected from M-order QAM
to obtain low PAPR and compatibility with NR. The process
of N-APSK_M-QAM constellation design is summarized as
follows:

• First, an M-order QAM constellation is generated
according to the modulation mapper specified in 3GPP
TS 38.211 [5].

• Second, an N-APSK constellation is determined by the
number of circles, the number of points on each cir-
cle, the radius and the initial phase of each circle. The
parameters can be obtained from the DVB standard [37],
[38] or through optimization.

• Third, we project N-APSK over M-QAM to get an N-
APSK_M-QAM constellation. By using the method of
exhaustive search, the constellation points of N-APSK
and M-QAM are compared one by one. Then, N non-
coincident points of M-QAM closest to the original
N-APSK are selected based on the principle of min-
imum Euclidean distance to form N-APSK_M-QAM
constellation.

With binary bits b as input and complex modulation sym-
bols s as output, 16QAM, 64QAM and 256QAM modulation
mappers are listed hereafter [5]:
In 16QAM modulation, every four bits bk(0), bk(1), bk(2),

bk(3) are mapped into a complex modulation symbol sk,
where k represents the k-th modulated symbol. That is,

sk = 1√
10

{(1 − 2bk(0))[2 − (1 − 2bk(2))]

+ j(1 − 2bk(1))[2 − (1 − 2bk(3))]}. (5)

FIGURE 1. (4+12)-APSK and (8+8)-APSK constellations.

In 64QAM modulation, every six bits bk(0), bk(1), bk(2),
bk(3), bk(4), bk(5) are mapped into the k-th complex mod-
ulation symbol sk, which can be expressed as (6), shown at
the bottom of the page.
In 256QAM modulation, every eight bits bk(0), bk(1),

bk(2), bk(3), bk(4), bk(5), bk(6), bk(7) are mapped into the
k-th complex modulation symbol sk, which can be expressed
as (7), shown at the bottom of the page.

An APSK constellation is composed of R concentric cir-
cles, and points on each circle are equally spaced. APSK
constellation set C can be given as

C =
{
rk · exp

(
j

(
2π

nk
i+ θk

))}
; i = 0, 1, . . . , nk − 1, (8)

where nk, rk, θk represents the number of constellation points
on the k-th circle, the radius and the initial phase of the k-th
(k = 1, 2, . . . ,R) circle, respectively. The APSK constella-
tion can also be represented by (n1 +n2 +· · ·+nR) - APSK.
In general, M constellation points will be subject to symbol
energy normalization, i.e.,

∑R
k=1 nk · r2

k = M. And the initial

phase on each circle is set to θk = 0 or θk = π

nk
.

The first method to pick an N-APSK constellation is
to select directly according to the parameter set and map-
ping rules given in DVB standard [37], [38]. For example,
two different structures of 16APSK are given, includ-
ing (4+12)-APSK and (8+8)-APSK, as shown in Fig. 1.
Another method is to optimize an APSK constellation by
maximizing minimum Euclidean distance or MI, which is
equivalent to each other at high signal-to-noise ratio (SNR).
After the determination of N-APSK and M-QAM, we can

use projection over QAM to obtain pAPSK. Constellation
points similar to APSK are directly selected from QAM so
that they can maintain low PAPR while ensuring backward

sk = 1√
42

{(1 − 2bk(0))[4 − (1 − 2bk(2))[2 − (1 − 2bk(4))]]

+ j(1 − 2bk(1))[4 − (1 − 2bk(3))[2 − (1 − 2bk(5))]]}. (6)

sk = 1√
170

{(1 − 2bk(0))[8 − (1 − 2bk(2))[4 − (1 − 2bk(4))[2 − (1 − 2bk(6))]]]

+ j(1 − 2bk(1))[8 − (1 − 2bk(3))[4 − (1 − 2bk(5))[2 − (1 − 2bk(7))]]]}. (7)
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FIGURE 2. The proposed 16APSK_256QAM constellation using projection over
QAM.

compatibility. Here, the minimum Euclidean distance crite-
rion is used to select points.
N-APSK and M-QAM constellation sets are represented

as CAPSK and CQAM respectively:

CAPSK = {(x1, y1), (x2, y2), . . . , (xN, yN)},
CQAM = {(

x′1, y′1
)
,
(
x′2, y′2

)
, . . . ,

(
x′M, y′M

)}
, (9)

where (xk, yk) denotes the horizontal and vertical coordinates
of the k-th constellation point on the N-APSK, and (x′j, y′j)
denotes the horizontal and vertical coordinates of the j-th
constellation point on M-QAM.
After the average power normalization of N-APSK and

M-QAM constellations, points of N-APSK can be mapped
to M-QAM. Specifically, the Euclidean distance dk between
the k-th constellation point of N-APSK and total M QAM
constellation points is calculated, where dk is a matrix of
1×M. The constellation point corresponding to the minimum
value in the matrix will be the k-th constellation point of
N-APSK_M-QAM. Thus, the horizontal and vertical coordi-
nates of the k-th N-APSK_M-QAM constellation point can
be described as:

min(
x′j,y′j

) dk =
(
xk − x′j

)2 +
(
yk − y′j

)2
, j = 1, 2, . . . ,M. (10)

Thus, we can search for N non-coincident points in QAM
of M points to make up an N-APSK_M-QAM constellation.
The example of 16APSK_256QAM is shown in Fig. 2. It
can be seen that constellation points of 16APSK_256QAM
are all derived from QAM and the diagram is very similar
to 16APSK.

B. BIT-TO-SYMBOL MAPPING FOR PSEUDO-APSK
CONSTELLATION
Bit-to-symbol mapping rules are essential for systems with
encoding and decoding modules and using soft-demodulation

algorithms at the receiver. Appropriate mapping rules can
improve system performance effectively. This section gives
the bit-to-symbol mapping rules for N-APSK_M-QAM
constellations.
We multiplex APSK bit-to-symbol mapping rules in

DVB standard [37], [38] to design the bit-to-symbol map-
ping method for N-APSK_M-QAM. Constellation points on
M-QAM are considered to be obtained from random n bits,
where n = log2 N. Thus, n bits of e(0), e(1), . . . , e(n− 1)

are used to represent m bits, b(0), b(1), . . . , b(m− 1) in the
original M-QAM, where m = log2 M.
In 16APSK_64QAM, symbols of 4 bits on APSK are

projected to constellation points of 6 bits on QAM. Thus,
we need to construct a 6-bit sequence based on 4 information
bits and then select the corresponding point in the original
64QAM. The 4 bits of an APSK symbol are denoted as
e(0), e(1), e(2), e(3) and the 6 bits of a QAM symbol
are represented as b(0), b(1), b(2), b(3), b(4), b(5). For
16APSK_64QAM based on (4+12)-APSK defined in [37],
the mapping rules from e to b, i.e., b = f (e) are described as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

b(0) = e(2)

b(1) = e(3)

b(2) = ẽ(0)

b(3) = ẽ(1)

b(4) = e(0) ∨ e(1)

b(5) = e(0) ∨ e(1)

, (11)

where ∼ represents the logical operator “non”, and ∨ repre-
sents the logical operator “or”. By taking (11) into (6), bit-to-
symbol mapping rules of 16APSK_64QAM can be expressed
as (12), shown at the bottom of the page. Accordingly, the
bit-to-symbol mapping table is presented in Fig. 3.
Similarly, in 16APSK_256QAM, symbols of 4 bits on

APSK are projected to constellation points of 8 bits on QAM.
Thus, we need to construct an 8-bit sequence based on 4
information bits and then select the corresponding point in
256QAM. The 4 bits of an APSK symbol are denoted as
e(0), e(1), e(2), e(3) and the 8 bits of a QAM symbol are
represented as b(0), b(1),. . . , b(7). For 16APSK_64QAM
based on (4+12)-APSK defined in [37], the mapping rules
from e to b, i.e., b = f (e) are described as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

b(0) = e(2)

b(1) = e(3)

b(2) = ẽ(0)

b(3) = ẽ(1)

b(4) = e(0) ∨ e(1)

b(5) = e(0) ∨ e(1)

b(6) = ẽ(0) ∧ (
e(0)

⊕
e(1)

)

b(7) = ẽ(1) ∧ (
e(0)

⊕
e(1)

)

, (13)

where ∧ represents the logical operator “and”, and
⊕

denotes the logical operator “XOR”. By taking (13) into (7),

s = 1√
42

{(1 − 2e(2))[4 − (1 − 2̃e(0))[2 − (1 − 2(e(0) ∨ e(1)))]]

+j(1 − 2e(3))[4 − (1 − 2̃e(1))[2 − (1 − 2(e(0) ∨ e(1)))]]}. (12)
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FIGURE 3. The bit-to-symbol mapping table of proposed 16APSK_64QAM constellation using projection over QAM.

FIGURE 4. The bit-to-symbol mapping table of proposed 16APSK_256QAM constellation using projection over QAM.

bit-to-symbol mapping rules of 16APSK_256QAM can be
expressed as (14), shown at the bottom of the page. Besides,
the corresponding bit-to-symbol mapping table is presented
in Fig. 4.
The bit-to-symbol mapping rules of 32APSK_256QAM

and 64APSK_256QAM are respectively designed based on
the mapping rules of 32APSK and 64APSK in DVB stan-
dard [37], [38]. For example, the bit-to-symbol mapping table
of 32APSK_256QAM based on (4+12+16)-APSK in [38]
is shown as Table 2 in Appendix.

IV. CONSTELLATION DESIGN OF QAM-COMPATIBLE
PSEUDO-SPIRAL
Based on the proposed design concept, in this section,
we provide an example of NR-compatible pseudo-Spiral
constellation design to combat phase noise.

A. DESIGN PROCESS OF PSEUDO-SPIRAL
PN causes constellation points to rotate and shift, and
it affects more severely symbols with higher magnitudes.
Existing research has proposed spiral constellations of simple
design to combat PN, in which the density of points near

the origin is high and gets lower outward [30]. However,
the spiral does not have compatibility, which hinders its
practical application. Therefore, in this section, N-order
pSpiral points are selected from M-order QAM to keep phase
noise resistance while ensuring backward compatibility
with NR.
The process of N-Spiral_M-QAM constellation design is

summarized as three steps below:
• First, an M-order QAM constellation is picked accord-
ing to the modulation mapper specified in 3GPP TS
38.211 [5].

• Second, a spiral constellation of N points is
generated according to the proposed method
in [30].

• Finally, we project the spiral over QAM to get an N-
Spiral_M-QAM constellation. By using the method of
exhaustive search, the constellation points of N-Spiral
and M-QAM are compared one by one. Different from
the principle of minimum Euclidean distance used to
select pAPSK points, we propose minimum radial and
angular weighted distance considering PN to find N

s = 1√
170

{
(1 − 2e(2))

[
8 − (1 − 2̃e(0))

[
4 − (1 − 2(e(0) ∨ e(1)))

[
2 −

(
1 − 2

(
ẽ(0) ∧

(
e(0)

⊕
e(1)

)))]]]

+ j(1 − 2e(3))
[
8 − (1 − 2̃e(1))

[
4 − (1 − 2(e(0) ∨ e(1)))

[
2 −

(
1 − 2

(
ẽ(1) ∧

(
e(0)

⊕
e(1)

)))]]]}
. (14)
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non-coincident points of M-QAM similar to the original
N-Spiral.

For the second step, according to [30], the spiral constellation
points are placed along the Archimedean spiral based on the
following rule,

cn = tne
jtnn = 1, . . . ,N, (15)

where N is the modulation order of the desired constella-
tion and t1 < t2 < · · · < tN . After derivation and solving
considering AWGN channel with PN in [30], tn is defined
by

t2n = (4πn)2fs
2

+
√

(4πn)4f 2
s

4
+ (4πn)2, (16)

where the spiral shape parameter fs is determined by the
channel conditions, such as a possible value of fs =
2σ 2

φ

σ 2
n
. Furthermore, it is also observed in [30] that better

performance can be achieved to choose the optimal value of
fs as

f ∗s = argmax
fs

Ifs(x; y), (17)

where Ifs is the bound on the achievable IR, which represents
a lower bound to the channel capacity. Specifically, Ifs can
be computed as

Ifs(x; y) = lim
L→∞

1

L
E

[
log2

p(y|x)
∑

x′ p(y|x′)P(x′)

]
, (18)

where x is a sequence of L transmitted symbols and y
represents the corresponding received ones. The probabil-
ity density function (PDF) of the selected auxiliary channel
law is defined by p(y|x) and the probability distribution of
the transmitted symbols is defined by P(x′).
To narrow down the search scope, a set of possible values

of fs can be obtained through the following equation in [30],

fs = 1

(2Mout + 1)2
, (19)

where Mout is the number of points on the outer-
most lap of the spiral. For instance, for Mout ∈
[8, 15], good values of fs are calculated as the
set [3.46, 2.77, 2.27, 1.89, 1.60, 1.37, 1.19, 1.04] × 10−3.
Subsequently, by fine-tuning these values, the maximum IR
can be achieved. Note that when fs = 0, the spiral constella-
tion optimized for the AWGN channel is obtained. Finally,
the constellation points are normalized to ensure the spiral
constellation has unitary average power.
In the last step, the constellation points similar to N-Spiral

are then selected from M-QAM so that they can acquire
backward compatibility while maintaining phase noise resis-
tance. Particularly, instead of the minimum Euclidean dis-
tance criterion, the principle of minimum radial and angular
weighted distance is proposed below to select points. This
is because the minimum angular distance between con-
stellation points on the outer laps is more important than

FIGURE 5. 16Spiral_1024QAM constellation for PN variance σ 2
φ = 0.04 using

projection over QAM. The Spiral parameter fs = 0.00794, and the weighted factors are
α = 0.91, β = 0.09 respectively.

the minimum Euclidean distance in the presence of phase
noise.
N-Spiral and M-QAM constellation sets are represented

as CSpiral and CQAM respectively:

CSpiral = {(ρ1, θ1), (ρ2, θ2), . . . , (ρN, θN)},
CQAM = {(

ρ′
1, θ

′
1

)
,
(
ρ′

2, θ
′
2

)
, . . . ,

(
ρ′
M, θ ′

M

)}
, (20)

where (ρk, θk) denotes the amplitude and phase of the
k-th constellation point on N-Spiral, and (ρ′

j , θ
′
j ) denotes

the amplitude and phase of the j-th constellation point
on M-QAM. After the average power normalization of N-
Spiral and M-QAM constellations respectively, points of
N-Spiral are mapped to M-QAM. The radial and angu-
lar distance 
ρ and 
θ between the k-th constellation
point of N-Spiral and the j-th point of M-QAM are
calculated as


ρkj = |ρk − ρ′
j |,


θkj = |θk − θ ′
j |. (21)

Then, N non-coincident points in QAM are selected to
form N-Spiral_M-QAM constellation by exhaustive search
with the principle of minimum radial and angular weighted
distance, which can be expressed as

min(
ρ′
j ,θ

′
j

) f
(

ρkj,
θkj

) = α · (

ρkj

)2 + β · (

θkj

)2
, (22)

where the values of parameter α and β are related
to Gaussian noise and phase noise. Specifically, we set
α + β = 1, and search for the pair (α, β) to achieve the best
performance of N-Spiral_M-QAM under given conditions
using exhaustive search.
Thus, the parameter fs of Spiral is optimized first, and

the optimization of the weighted factors (α, β) is then
performed when phase noise changes to obtain better PN
resistance of pSpiral compatible with QAM. For exam-
ple, the 16Spiral_1024QAM constellation diagram is shown
in Fig. 5. It can be seen that constellation points of
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TABLE 1. Simulation settings.

16Spiral_1024QAM are all derived from QAM and form
a similar shape of the spiral.

B. BIT-TO-SYMBOL MAPPING FOR PSEUDO-SPIRAL
CONSTELLATION
As previously mentioned, phase noise leads to the rotation
of constellation points. Therefore, we utilize Gray code for
bit-to-symbol mapping of N-Spiral_M-QAM considering the
closest points affected by phase noise, which satisfies only
one-bit difference between adjacent constellation points on
the original spiral line. For example, the bit-to-symbol map-
ping table of 16-Spiral_1024-QAM for PN variance 0.08 is
given in Table 3 in Appendix.

V. SIMULATION RESULTS
In this section, we present simulation results to evaluate the
performance of the proposed constellation design method
using projection over QAM. First, the BLER performance
of 16-APSK_256-QAM for coded systems is simulated and
compared with QAM under different code rates and allocated
subcarriers. Then, the SER performance of 64-Spiral_1024-
QAM under different PN variances for uncoded systems
is evaluated and compared with QAM, Spiral, as well as
the constellation selected by minimum Euclidean distance.
Besides, the spectral efficiency (SE) curves of the proposed
pSpiral are also presented to demonstrate its robustness
to PN.
Simulation parameters are summarized in Table 1, which

are selected based on the typical high-frequency scenarios
considered in 5G communication. In particular, a carrier
frequency of 70 GHz within the millimeter-wave frequency
range and a subcarrier spacing of 960 kHz are selected,
where hardware impairments including phase noise and PA
nonlinearity are considered [42].

FIGURE 6. BLER performance of proposed 16-APSK_256-QAM compared to 16QAM
with different code rates and 792 subcarriers.

A. PERFORMANCE EVALUATION OF 16-APSK_256-QAM
The simulation in this part is performed based on Discrete
Fourier Transform-Spread-Orthogonal Frequency Division
Multiplexing (DFT-s-OFDM) waveform with a low-density
parity-check (LDPC) coded system. The AWGN channel
is considered, along with the nonlinear distortion caused
by the CMOS power amplifier modeled as (2) and (3).
The simulation parameter settings are as shown in Table 1.
Transmission signals xn are equally sent, and received
signals yn are obtained after passing through the power
amplifier and AWGN channel. The hard decision demod-
ulation algorithm directly judges based on the amplitude
and phase of the received signal, and needs to store the
lookup table in advance to determine the corresponding bits
of a constellation point. Therefore, we use the Maximum
Logarithm Maximum A Posteriori (Max-Log-MAP) soft
decision demodulation algorithm at the receiver instead,
which is based on the Log-Likelihood ratio (LLR) algorithm.
Fig. 6 shows the BLER performance of proposed 16-

APSK_256-QAM compared to 16QAM at different code
rates. The number of subcarriers is set to 792 and there is
no input back-off (IBO). With the fixed number of trans-
mission bits, we simulate the BLER of 16-APSK_256-QAM
and 16QAM at three code rates: 490/1024, 569/1024, and
751/1024. As shown in Fig. 6, when the code rate is low, i.e.,
R = 490/1024, the performance of 16APSK_256QAM and
16QAM is similar. However, the SNR gain of 16APSK_256
QAM over 16QAM increases to more than 1 dB with higher
code rates, as the nonlinear distortion of the PA has a greater
impact on system performance at high code rates which has
weaker error correction ability, and the low PAPR character-
istic of 16APSK_256 QAM can help it combat the nonlinear
distortion. Specifically, when BLER reaches 0.01, there are
1.16 dB and 1.4dB SNR gains at the code rates of 569/1024
and 751/1024, respectively. Therefore, it can be concluded
that in scenarios with better wireless link quality where
medium-to-high code rates are required, 16APSK_256QAM
can be an effective constellation modulation alternative to
improve the reliability of the system.
The BLER performance of proposed 16-APSK_256-

QAM compared to 16QAM with the different number
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FIGURE 7. BLER performance of proposed 16-APSK_256-QAM compared to 16QAM
with the different number of subcarriers at the code rate R = 751/1024.

FIGURE 8. BLER performance of proposed 16-APSK_256-QAM compared to 16QAM
with different IBO values and 960 subcarriers at R = 751/1024.

of subcarriers is presented in Fig. 7, at the code rate
R = 751/1024 and without IBO. The simulation results show
that as the number of subcarriers increases, the performance
of the overall system deteriorates. This is because more sub-
carriers lead to higher PAPR of the system, and as a result,
more signals enter the non-linear region. For a specific num-
ber of subcarriers, we can notice that 16APSK_256QAM
outperforms 16QAM thanks to its lower PAPR, and the gains
enlarge with more subcarriers. Specifically, the SNR gains of
the proposed constellation compared to QAM when BLER
is 0.01 are 1.1 dB, 1.4 dB and 1.8 dB for 480, 792 and
960 subcarriers, respectively.
Fig. 8 compares the BLER performance of proposed 16-

APSK_256-QAM and 16QAM under different IBO values.
The number of subcarriers is set to 960, and the results
are obtained at the code rate R = 751/1024. As the IBO
value increases, more signals enter the linear region, result-
ing in a lower SNR required for the system and an effective
improvement in performance for both 16APSK_256QAM
and 16QAM. However, under the same SNR value, the
BLER of 16APSK_256QAM at IBO = 2 dB (marked by
blue circle solid curve) is much lower than that of 16QAM
at IBO = 4 dB (marked by green triangle dashed curve).
Higher IBO values mean lower power efficiency. Therefore,

FIGURE 9. SER performance of proposed 64-Spiral_1024-QAM when PN variance is
0.01. The Spiral parameter fs = 0.00352, and the weighted factors are α = 0.88,
β = 0.12 respectively.

FIGURE 10. SER performance of proposed 64-Spiral_1024-QAM when PN variance
is 0.08. The Spiral parameter fs = 0.01065, and the weighted factors are α = 0.92,
β = 0.08 respectively.

16APSK_256QAM requires less power consumption than
16QAM to achieve the same BLER performance, which is
more conducive to energy-saving transmission. In particu-
lar, the performance gains of 16APSK_256QAM compared
to 16QAM are 1.75 dB, 0.96 dB and 0.56 dB respectively
for IBO values 0, 2, and 4 dB, when BLER reaches 0.01.
Moreover, the BLER gap between 16APSK_256QAM and
16QAM narrows down with the increasing IBO values, in
that the effect of PA nonlinearity becomes weaker, and
the advantage of the low PAPR 16APSK_256QAM gets
less obvious. Considering that the practical system can-
not increase the IBO value without limitation to achieve
excellent performance, which sacrifices power efficiency,
16APSK_256QAM achieves a compromise between power
consumption and the ability to resist PA nonlinearity.

B. PERFORMANCE EVALUATION OF
64-SPIRAL_1024-QAM
In this subsection, we consider an AWGN channel with PN.
For the signal model defined in (4), we adopt the detector
in [30] to perform demodulation, which is derived based on
the low PN and a high SNR approximation. The likelihood
function of the k-th received symbol yk and the transmitted

2352 VOLUME 4, 2023



FIGURE 11. The SE performance of the proposed pSpiral compared with QAM and Spiral for different PN variances.

TABLE 2. The bit-to-symbol mapping table of proposed 32APSK_256QAM constellation.

symbol xk is expressed as a Gaussian PDF of two auxiliary
variables uk and vk to perform detection [30].
We present the uncoded SER performance of the

proposed 64-Spiral_1024-QAM constellations compared
with 64QAM, 64Spiral and 64-Spiral_1024-QAM selected
by minimum Euclidean distance criterion under different PN
variances in Fig. 9 and Fig. 10.

For PN variance σ 2
φ = 0.01, the spiral parameter fs =

0.00352 and weighted factors (α, β) = (0.88, 0.12), 64-
Spiral_1024-QAM (green line) has about 3 dB SNR gain
over 64QAM (yellow line) when SER is 0.03 as shown in
Fig. 9. In addition, the selected pseudo-spiral constellation
using the minimum Euclidean distance criterion (blue line)
provides the worst performance here, which indicates that
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TABLE 3. The bit-to-symbol mapping table of proposed 16Spiral_1024QAM constellation for PN variance 0.08.

the criterion is not applicable in PN environments and that
considering the angular distance is necessary.
For larger PN variance σ 2

φ = 0.08, 64QAM reaches an
error floor when SER is 0.2, while proposed 64-Spiral_1024-
QAM (green line) with the spiral parameter fs = 0.01065
and weighted factors (α, β) = (0.92, 0.08) reduces the error
floor to near 0.02, which is close to that of original 64Spiral
as shown in Fig. 10. Additionally, 64-Spiral_1024-QAM
selected with minimum weighted distance (green line) out-
performs the one with minimum Euclidean distance (blue
line) of about 3 dB when SER is 0.1. This proves the advan-
tage of constellation projection by the proposed minimum
radial and angular weighted distance in the presence of PN.
For other PN variances and modulation order N = 16, 256,
the proposed pSpiral constellations are also proved to be
superior to QAM in SER performance.
In the end, in Fig. 11, the SE curves of the proposed pSpi-

ral, QAM and Spiral are compared. We can see that as the
phase noise variance increases, the performance gain of pSpi-
ral over QAM becomes more significant. This phenomenon
demonstrates the advantage of the pSpiral in combating
phase noise while remaining compatible with QAM. In par-
ticular, the SE of pSpiral outperforms QAM of 22.5% at
30dB for PN variance σ 2

φ = 0.08. Besides, the performance
of pSpiral is less affected by phase noise change than QAM,
which shows the robustness of the proposed pSpiral. The
simulation results also indicate that the Spiral and proposed
pSpiral exhibit similar SE performance at moderate to low
SNR. This can be attributed to the combined influence of
Gaussian noise and phase noise on the transmitted signals
at moderate to low SNR levels. The appropriate minimum
Euclidean distance of pSpiral and its spiral-like shape enable
it to achieve the SE performance close to that of Spiral.
Additionally, the Spiral outperforms pSpiral at high SNR
levels, where phase noise becomes the predominant factor
affecting the performance. The distortion introduced during

the projection process for pSpiral results in a performance
loss of no more than 0.65 bits per channel use compared to
Spiral.

VI. CONCLUSION
This paper has proposed an NR-compatible constellation
design method using projection over QAM. Specifically,
N-APSK_M-QAM and N-Spiral_M-QAM constellations are
given as two examples to illustrate the method. The
projection of APSK and Spiral constellations is based
on the minimum Euclidean distance and the proposed
minimum weighted radial-angular distance criteria, respec-
tively. Simulation results demonstrate that the proposed
pAPSK modulation scheme outperforms QAM by more
than 1 dB SNR gain at medium-to-high code rates in the
presence of nonlinear distortion caused by the power ampli-
fier. Furthermore, the proposed pSpiral constellations show
improved error rate performance under PN conditions and
enhanced robustness to PN compared with QAM. Moreover,
the SNR gain achieved by pSpiral over QAM reaches 3 dB.
Consequently, the proposed modulation method using pro-

jection over QAM not only ensures compatibility with NR
but also preserves the advantages of the original constel-
lations, providing a straightforward and effective unified
constellation design framework for future B5G/6G systems.
By applying this method, other NR-compatible constellations
resistant to non-ideal factors can also be obtained, such as
constellations that simultaneously combat PA nonlinearity
and PN, or constellations that mitigate IQ imbalance.

APPENDIX
The bit-to-symbol mapping table of 32APSK_256QAM
based on (4+12+16)-APSK, and the bit-to-symbol map-
ping table of 16-Spiral_1024-QAM for PN variance 0.08
are given in Table 2 and Table 3 respectively.
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