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Abstract: The hybrid carrier (HC) system rooted
in the carrier fusion concept is gradually garnering
attention. In this paper, we study the extended hy-
brid carrier (EHC) multiple access scheme to ensure
reliable wireless communication. By employing the
EHC modulation, a power layered multiplexing frame-
work is realized, which exhibits enhanced interfer-
ence suppression capability owing to the more uni-
form energy distribution design. The implementation
method and advantage mechanism are explicated re-
spectively for the uplink and downlink, and the per-
formance analysis under varying channel conditions
is provided. In addition, considering the connectiv-
ity demand, we explore the non-orthogonal multiple
access (NOMA) method of the EHC system and de-
velop the EHC sparse code multiple access scheme.
The proposed scheme melds the energy spread superi-
ority of EHC with the access capacity of NOMA, fa-
cilitating superior support for massive connectivity in
high mobility environments. Simulation results have
verified the feasibility and advantages of the proposed
scheme. Compared with existing HC multiple access
schemes, the proposed scheme exhibits robust bit er-
ror rate performance and can better guarantee multi-
ple access performance in complex scenarios of next-
generation communications.

Keywords: extended hybrid carrier system; high mo-

Received: Jun. 09, 2023
Revised: Nov. 20, 2023
Editor: Yuanwei Liu

bility communications; multiple access

I. INTRODUCTION

With the commercial implementation of the 5G net-
works on a global scale, much attention is paid to the
research of next-generation communication systems.
The impending 6G, building upon the foundation of
5G, will continue to enhance the mobile Internet and
is expected to support the vision of wider coverage,
higher rates, more connections, lower latency, and oth-
ers, which places higher demands on physical layer
multiple access technologies [1-4].

Traditional multiple access technologies, with
orthogonal frequency division multiple
(OFDMA) serving as a representative, have found
wide applications within communication standards.
Nevertheless, as the research progresses, the limita-
tions of conventional multiple access technologies
under high-mobility wireless channels render them
inadequate for reliable communication requirements
in complex scenarios, and an urgent necessity to
explore new physical layer waveform technologies
and multiple access technologies emerges [5-8]. On
the one hand, there is an anticipation for the continued
evolution and optimization of orthogonal multiple
access (OMA) schemes. Researchers have exten-
sively explored multiple access schemes that exhibit
good robustness along with universality and have
investigated low-complexity detection algorithms for
different models. Especially, the development of new
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modulation technologies aimed at 6G significantly
provides support for reliable transmission in high
mobility scenarios [9—12]. On the other hand, consid-
ering the scarcity of spectrum resources relative to the
growing number of users, non-orthogonal multiple
access (NOMA) technology has been perceived as an
efficient solution to the challenges of massive access.
NOMA allows multiple users to use the same time-
frequency resources, thereby enhancing the spectral
efficiency, also known as “multi-user superposition
transmission” or “layered division multiplexing”.
Researchers have proposed a series of non-orthogonal
multiple access schemes to serve more users through
non-orthogonal designs in the power domain, code
domain, and so forth. Among them, sparse code
multiple access (SCMA) is a promising code domain
NOMA technology and its performance is related
to the design of the codebook [13-16]. Moreover,
research on the joint of multiple access with other
communication technologies to improve system
performance has also garnered attention [17-20].
As investigations deepen, combined consideration of
the novel waveform framework design and multiple
access schemes has become a focal point.

In recent years, the hybrid carrier (HC) as a novel
system based on the idea of carrier fusion has re-
ceived increasing attention and study [21-23]. The
HC scheme provides the energy spread of the signal
in the time and frequency domain by weighted frac-
tional Fourier transform (WFRFT) to form a fused
signal containing the single carrier (SC) components
and multi-carrier (MC) components. Compared to tra-
ditional schemes, the HC signal has a more uniform
energy distribution structure and is therefore consid-
ered to have the potential for reliable data transmis-
sion over high-mobility wireless channels. Addition-
ally, it has the advantages of low complexity along
with flexibility and can be degraded into SC or MC
systems, rendering it suitable for upgrading existing
communication systems. Research on HC is primarily
centered around the design of symbol energy distribu-
tion, joint optimization for various scenarios, physical
layer security, and others. Furthermore, compatibility
is leveraged to combine with other candidate wave-
forms to obtain performance and flexibility enhance-
ment [24-27]. In terms of multiple access, hybrid car-
rier OMA schemes represented by HC-FDMA have
achieved commendable application effects. The en-

ergy spread design based on carrier fusion allows them
to achieve superior bit error rate (BER) performance
under doubly-selective channels compared to tradi-
tional OFDMA and SC-FDMA schemes. Research on
developing NOMA schemes based on hybrid carrier
systems to enhance spectral efficiency and the num-
ber of user connections has also yielded certain results
[28-31]. However, the energy distribution design of
the existing hybrid carrier multiple access technolo-
gies is highly reliant on the four-component structure
of WFRFT, which constrains further enhancement of
its performance. Therefore, it is valuable to extend
and optimize the hybrid carrier multiple access tech-
nology to fully exploit its robustness advantages and
better support for improving the performance of the
HC system.

This paper investigates the extended hybrid carrier
system multiple access scheme. Leveraging the en-
ergy distribution design capability of EHC modula-
tion, we design matched orthogonal multiple access
schemes for the uplink and downlink respectively. The
system architecture and principles are illustrated, and
the performance of the proposed scheme is analyzed
under different channel conditions. Moreover, we in-
troduce a novel extended hybrid carrier sparse code
multiple access (EHC-SCMA) scheme, elucidating its
implementation flow, describing the transform domain
input-output relation, and explaining the signal detec-
tion algorithm. Finally, simulations are provided to
demonstrate the feasibility and advantages of the pro-
posed scheme. The main aim of this paper is to con-
firm that the extended hybrid carrier multiple access
scheme can better ensure reliability in complex sce-
narios, and is a promising alternative solution for the
next generation communication systems.

The rest of this paper is organized as follows: Sec-
tion II presents the basics of the HC system. Sec-
tion III proposes the EHC-OMA scheme and ana-
lyzes its performance. Section IV investigates the non-
orthogonal multiple access for the EHC system and
describes the proposed EHC-SCMA scheme. Sec-
tion V gives the simulation and discussion. Finally,
conclusions are illustrated in Section VI.

II. PRELIMINARY

2.1 Hybrid Carrier System Based on WFRFT
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The hybrid carrier system is proposed based on the
carrier fusion concept, which can be regarded as the
integration of the SC system and MC system. The
classical HC system is generally implemented by
WERFT which can be expressed as

Fox = (Wi F* + wiF' + W F?> + w§F) x, (1)

where F' is the normalized Fourier transform ma-

trix, satisfying [F]m,n:Tlﬁ exp [ZZH2 5] m,n =
0,1,...,N — 1 and [],,  denotes the mth row and

nth column elements. Fiz,i = 0,1,2,3 denote the
0-3 times normalized DFT of x respectively. w;*,l =

SCMA encoder is to map log,M bits data b, of user
v into M’ dimension constellation and the K dimen-
sion codeword ¢, by mapping matrix Y € BX*M’
The codebook € is shared by the transmitter and the
receiver, and M is the number of codewords. Then,
for the vth user, the SCMA encoding is defined as the
following mapping rule

log,Mx 1 .
fo : B2 C e, e = fy (by) (5)
where b, € Bl°&2Mx1 ig the information vector from

the vth user, C, = €, € CKE*1 denotes the SCMA
codeword selected from the codebook, and 9 =

0,1, 2,3 are the weighting coefficients, which can be O,_l, e , M - 1. Define the indicator matrix F =
generated by [fo. f1, ..., fr—1] satisfying
—1 —1 3 —1 = .
wla = Ccos u cos u exp M] , fv — dmg (-rv (TU)T) ] (6)
4 2 4
2)

where o denotes the transform order. Due to the peri-
odicity, F satisfies FO = I, F! = F. F? =11, F? =
FII, F* = I, where [I],, =6 ((m + n)y), and the
result of WFRFT can be considered as a weighted sum
of the time domain characterizations and frequency
domain characterizations of the input sequence. In
particular, HC is equivalent to SC when v = 0, and
to MC when o = 1. According to the hybrid carrier
fusion mechanism, the single carrier component and
the multi-carrier component of the HC signal can be
expressed as

Wsce (a) = |w§]* + w5, 3)

Wire (a) = | + |wg . 4)

3
For any a, there is 3 |wi*|> = Wsc (a)+Wae (@) =
1=0
1. By choosing the transform order, the HC system ob-

tains more freedom in the design of the energy distri-
bution and therefore exhibits better interference sup-
pression performance.

2.2 Sparse Code Multiple Access

SCMA is a promising non-orthogonal multiple access
scheme for mobile communication systems. Consider
an SCMA system containing V' independent users, and
the overloading factor is denoted as ( = V/K > 1,
where K is the number of the resource. The role of the

SCMA can be determined directly by the indicator ma-
trix. The user node %’ is connected to the resource
node k& when and only when F meets Fk,k’ # 0. For
the downlink, it can be obtained that

V-1

=) lel?, (7)

v=0

where ¢ € CK*! is called the superimposed code-
word. At the receiver, based on the indicator ma-
trix, the SCMA codeword can be decoded using the
message passing algorithm decoder with the compu-
tational complexity O (t’ K dgMdC), where d, is the
number of non-zero entries in each row of indicator
matrix, and ¢ is the number of MPA iterations.

III. EXTENDED HYBRID CARRIER OR-
THOGONAL MULTIPLE ACCESS

3.1 Extended Hybrid Carrier Frequency Divi-
sion Multiple Access

In this section, we propose a novel extended hybrid
carrier multiple access scheme for the uplink. The
proposed scheme combines the energy spread concept
of hybrid carrier with the model of frequency division
multiple access and is referred to as the extended hy-
brid carrier frequency division multiple access (EHC-
FDMA). Since the enhanced capability of energy dis-
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tribution design, the proposed scheme provides supe-
rior interference suppression performance compared
to the HC-FDMA scheme. Simultaneously, the com-
patible framework renders it suitable for the smooth
evolution of the hybrid carrier multiple access system.
The block diagram of the proposed scheme is depicted
in Figure 1.

Consider a multiple access system with V' users. At
the transmitter, as shown in Figure 1(a), assuming that
N, subcarriers can be assigned to the vth user. Then,
for each data block, the sequence s of length NV,, ob-
tained by baseband mapping can be regarded as a sig-
nal in the transform domain. Transform it to the fre-
quency domain by EWFRFT as

N,—1
§'=F[s"]= ) wTls'], (8)

1=0
where 7; [] = (T") [-] is the base operator of the trans-

form, which can be chosen as a cyclic shift operator,
and Q = [wo,w1,...,wy,_1]" denotes the weighting
coefficient vector, which can be generated by the fol-
lowing method.

Ny—1
1

I | -3 F| O
The frequency domain sequence of length N, is
mapped to the subcarrier assigned to the user v, and
the subcarriers occupied by other users are filled with
zeros. The signal is transformed to the time domain
expressed as

k=0

z’=F 08" = F'O@"E,s", (10)
where E, is the extended weighted fractional Fourier
transform matrix. Let 15", 0 < k' < N, — 1 denote
the subcarrier index allocated to user v, then the sub-
carrier mapping matrix ®" meets

1k =
L 0<k<L-1. 1)

ka 7& wk’v

O =

The sequence is processed by cyclic prefix insertion
and sent through a single antenna. Assume that the

signals from V' user terminals are transmitted through
separate channels to reach the base station. After
removing the cyclic prefix and other operations, the
baseband signal can be expressed as

V-1

y=)Y H'z'+z, (12)
v=0

where H" denotes the time domain channel matrix of
the user v and z is additive white Gaussian noise. By
transforming the received signal into the frequency do-
main and performing subcarrier demapping along with
the corresponding inverse EWFRFT, the transform do-
main signal of the vth user can be expressed as

V-1
r,=E,O1F Z H'F'@'E,s' + E,QFz.
v=0
(13)

Due to the channel time-frequency dispersion, the or-
thogonality between signals of different users is de-
stroyed at the base station, causing multi-user interfer-
ence. Jointly considering the received signals of multi-

user, let s = h (s, s',..., V") denote the equiv-

alent transmitted signal, where h (ay, a;,...,a,) =
T

[af.al,....a]]", then we have

r=E'HEs + Ef PP F2, (14)

where P = [©°,@",...,©®"~!] denotes the permu-

~ V-1 _
tation matrix. H = PHF S>> H°FHPY" is the
v=0

time domain equivalent channel matrix and Y is the

diagonal matrix satisfying T}é,k =4 Q%J) , My =

v—1 ~

Z Ny. E = diag [Eo, Eq, ..., EV—l]- Let Hr =
v'=0
E HE denote the transform domain equivalent chan-
nel matrix, then = can be obtained as

r=Hgs+ 2. (15)

The estimated signal § = G'r is obtained by perform-
ing transform domain signal detection on 7. Next, the
performance of the proposed scheme is analyzed. As-
suming that minimum mean square error (MMSE) de-
tection is employed, the estimated signal can be ex-
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Parameters

where the second and third rows of the equation denote

dat -carri j
User 1 data Basebgnd "+ EWFRFT |» Sub carrier | | 1ot |l CP'
Mapping Mapping Insertion
User v 9312 data Basebgnd IR p—— Sub-ca.rrier* IDET bl CP. j
Mapping Mapping Insertion
(a) User Transmitter
Baseband | data
— > Userl
Demapping
CP Sub- Transform
R carrier | | EWFR Domain
emov = DFT - Demap ™ pr [T Multi-user| |
al ping detection
Baseband | dat
> ) 4aa> User V
Demapping
(b) Base Station Receiver
Figure 1. The block diagram of the EHC-FDMA system.
pressed as can be expressed as
1 V=
Z Z Q(Vert),  an
9 =0 =0 8]
R YAz
Sth}Tpm, t+2pm,
1+ 7[An 1+ 7[Anf . , o
wherec; = 1— 7502 = 7o Q function is defined as
Ny—1 L—1
1 ’y]An] v _ 1 (o =2 Py ’YlAn|2
+ ) ermnTn’pwiH Tk Q(2) = f= [;" e dt,x > 0. Let I} = {100,
g=0,9%t n=0 T1n and ~; denote the equivalent signal-to-noise ratio, sat-
-1 Ny—-1p-1 Ay |2 isfying
,U/
+ Z Z ZTpvt,n ”7/% ] 4 |A |23¢1’
v'=00'#v q=0 n=0 v ) 2_. 1 2
(16) M = E )Tpv’t,n n E —-E ’ pu M n ’
(18)

subcarrier interference and multi-user interference for
the ¢ symbol of the vth user, respectively. T,

the nth row and mth column element of matrix Q =
e—1

m, denotes

In particular, for the frequency-selective channels, the
equivalent channel matrix satisfies

RYE where H = DARY, and p., = ST Ny + . _ V-1 o

_ = Hp =E"P"Y H'PY'E, (19)
Then the theoretical BER under J-QAM modulation o
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where HY = FHVF" is a diagonal matrix satisfying

_ V-1 _ _
Let A = PH Y H'PY",
v=0
and the estlmated signal under MMSE equalization

can be expressed as

27nik

flgk—Zhe L.

§=Gr = ~H(AHA+ 021)_1AHAEs+z’, (20)

where A = diag [/_\0,/_\1, . ,/_\L_l] is a diagonal
matrix and GHg is a blocked diagonal matrix, indi-
cating that different users remain orthogonal and is not
affected by the multiple access interference. There-
fore, the detection can be performed separately. For
the vth user, we have

=G"Hps"+G"2"
H(ATA, +0°T) ' AYAE,s" + 2/,

2D

where HY = EI A,E, denotes the equiv-

alent channel matrlx of the wvth user A, =

diag [APUO,APU Lieees APU’NU_ ] and G" =

EZ(AFA, +0%1)" '"A,E, is the transform do-

main equalization matrix. Then the estimated signal

can be expressed as

2 Ny—1 _—1_%

a= X el g5

|Apvn n=0 1 +7‘Apv,n
Ny,—1 N,—1 A |2

£ Y g,

g=0,9#t n=0

Pv,n v

—s
L+ V{Apmf g

(22)
where 7, denotes the nth row and mth column ele-
ment of the matrix E,. We know that when the trans-

. 9%
form parameters satisfy 5y = S._os — 2 s —

SEANT=F
(logaNy)o 5 b §+1J ,2° <k <N, —1, where ¢ =
|logok |, = [logyN,/2], the extended weighted
fractional Fourier transform matrix satisfies the fol-

lowing relation

‘5” —i,n,m:O,l,...

n,m‘Q_ N@ 7Nv_1-

(23)

Therefore, the equivalent signal-to-noise ratio can be

et n’yApu n “n

expressed as

v ]VZ ’Y‘Apvn /
M = . 2
(24)
It can be found that
Y=Y ==,_,0=01,...,V— (25)

At this point, according to the property of () function,
the following Jensen inequality holds and satisfies the
condition of taking the minimum value.
— 461
log J

1 4e; =
1
VlogJZQ<

Q(vern)

(26)

That is, the BER of the proposed scheme can be ex-
pressed as

NoZ1 ’Y‘Z\Pv,n|2

. 1 401 = n=0 m
P = v log,J 2;) N1

Zh Tl
27)
According to the hybrid carrier fusion mechanism,
the equivalent signal-to-noise ratio of the conventional
HC-FDMA scheme is the weighted superposition of
SC components and MC components, with the power
allocation scheme controlled by the transform order.

However, due to the constraints of the four-component
structure, it is challenging to satisfy the condition
shown in Eq.(25), thereby revealing defects in its BER
performance. In contrast, the proposed scheme ex-
hibits superior time-frequency energy distribution de-
sign capability, enabling improved compensation for
channel interference and multiple access interference,
and thus displaying superior performance.

3.2 Extended Hybrid Carrier Orthogonal
Power Layered Multiple Access

In this subsection, we design a novel orthogonal mul-
tiple access scheme for the downlink, aimed at the en-
hancement of HC-OMA system performance. Unlike
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existing multiple access schemes, each user can oc-
cupy the entire time-frequency resources in the pro-
posed scheme. The symbols of different users su-
perimpose on the time-frequency plane in the form
of power layered multiplexing and maintain transform
domain orthogonality. Hence, we call it the extended
hybrid carrier orthogonal power layered multiplex ac-
cess (EHC-OPLMA) scheme. Due to the uniform sig-
nal distribution, the proposed scheme exhibits superior
anti-fading performance, further improving the relia-
bility of the multiple access scheme. Figure 2. illus-
trates the basic structure of the proposed scheme. At
the base station, the extended hybrid carrier modula-
tion is performed on the transform domain signal after
symbol mapping, which can be expressed as

z=E Z O®'s", (28)

where E denotes the extended hybrid carrier modula-
tion matrix of size L x L. In this system, each user
can utilize all the available time-frequency resources,
thus gaining better channel diversity. At the receiver,
since multiplexed power layers are orthogonal in the
transform domain, the signal of different users can be
separated and extracted. For the vth user,we can obtain

= H"Es + z,, (29)

Where HY" is the channel matrix of user v and s =
Z @U v
ent symbol mapping methods have little effect on the
EHC-OPLMA downlink, so we assume that a continu-

ous symbol mapping scheme is adopted. The extended
hybrid carrier demodulation is conducted as

Due to the even energy spread, differ-

r,=E 'y, = H)s+ 2], (30)
= E7'2, and H) = E"'U!A}V/E de-
notes the equivalent channel matrix of the wvth user,
and A/ denotes the diagonal matrix composed of the
eigenvalues A),n = 0,1,...,L — 1. Then the de-
tector using the MMSE criterion can be expressed as

l -1 INH At 2 LA HE
G, = B (M)A, +0%T] (A)"E and 77,
denote the nth row and mth column element of E? =
(V') E. Then the estimated signal can be expressed

where 2/,

as
L—1

. 2 AL v

St 22253‘7fn’ ol T Av2 t*‘ii: T Av2n
e 1+ ~]AY] o 1-+ \A y
Pv,Ny—1 —

Anl®

§ : 2 : —1 v
+ tn n S
agl Av2 g
9=pv,0,97t n=0 +7‘ l

— Pv!' N ;=1 [—1

0|2
FYY Sam
v/'=0,0"#v ¢=p,s o n=0 1+7|Av‘

(D

The third and fourth terms of the equation represent

the multipath interference and multi-user interference

after compensation, respectively. We define e} = 5} —

s7 as the residual interference of the ¢th symbol of user

v. Then, for the proposed scheme, the total residual
interference can be expressed as

(32)

V—-1N,—-1
DI

2
v=0 n=0 ‘

Z

The overall residual interference in the system is re-
lated to the channel conditions each user experiences,
independent of the signal processing method. Con-
sequently, the EHC-OPLMA scheme alters only the
distribution of residual interference, without introduc-
ing additional multipath or multiple access interfer-
ence. The proposed scheme implements uniform en-
ergy spread through extended hybrid carrier modula-
tion. And the residual interference of each symbol
can be shared by the entire time-frequency resource,
thereby exhibiting stronger residual interference sup-
pression capability, a prominent advantage of the pro-

posed scheme. For the vth user, the equivalent signal-
to-noise ratio can be expressed as

L—-1

AY
=S e P e L

n=>0 1 + 7|AU n=0 1 + 7|AU
(33)
Owing to the energy distribution design, the pro-
posed scheme achieves more uniform residual inter-
ference. Consequently, for each user, the equivalent
signal-to-noise ratio of different symbols is identical
over the single-selective channels, meeting the optimal
BER condition under Jensen inequality, and the results
are close in the case of the doubly-selective channels.

Specifically, in the frequency-selective channels, we
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Figure 2. The model of the EHC-OPLMA scheme.

have

2
zl,t,n:o,L...,L—L

72l = |FEL| =+
(34)

Therefore, the BER satisfies

1 N,—1 de L-1 L-1
P =L ! APRe /ST Re
>N, log2JQ CQZ /AL n/z n
t=0 n=0 n=0
N,—1
S 461

(35)
where K};:W Qe = WMC/<1+7|A§|2>

and Q= Woe /(1+71A5P)
transform parameter «. Similarly, under the time-
selective channels, since |Em|2 = 1/L,t,n =

0,1,...,L — 1, we can obtain

are related to the

L1 A e _ !
P= 5 ; 0.7 € <~/cwt) < PY.. (36)

The proposed scheme constructs a power layered
multiplexing model through extended hybrid carrier
modulation and achieves higher gain as each user fully
utilizes the available time-frequency resources. Com-
pared to the HC-OMA system, the proposed scheme

]\2 loggJQ (\/62/&5\/10 +E Q%)) - Cz)

exhibits a notable performance improvement over both
single-selective channels and doubly-selective chan-
nels.

IV. EXTENDED HYBRID CARRIER NON-
ORTHOGONAL MULTIPLE ACCESS

In this section, we investigate the non-orthogonal mul-
tiple access technology of the extended hybrid carrier
system, proposing an EHC-SCMA scheme based on
transform domain signal processing. The proposed
scheme combines the carrier fusion advantage of the
extended hybrid carrier signal with the massive con-
nectivity capability of non-orthogonal multiple access,
which can better meet the requirements of the next-
generation communication systems.

4.1 In Downlink

Consider a downlink scenario with V' users. At the
base station, the signal of different users is processed
in the transform domain with coding and superposi-
tion, which can be expressed as

S, =Y s, (37)

where 59 € C**! denotes the gth SCMA codeword of
the vth user. In this system, V' users share K orthogo-
nal resources. Symbol mapping is performed on the
superposition result, and each codeword is assigned
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to the M x N transform domain grid to obtain the
transform domain transmit signal S. The time domain
signal « is obtained by EHC modulation and series-
parallel conversion, which can be expressed as

z =vec(X") = (E® Iy)vec (ST), (38)

where wvec(-) denotes the vectorization operator,
and ® denotes the Kronecker product. Let s =

vec(S) = h (SO,Sl, . "SL/KA)’ then we have
x = Py n(Iy ® E)s and the permutation matrix
can be expressed as

Iy ® e} (0)
Iy ® el (1)
Pun=| N . (39)

IM®€%(N—1)

After EHC modulation, the CP is inserted and RF
processing is conducted. Figure 3. depicts the model
of the proposed scheme, where M and N are gen-
erally chosen as an integer multiple of K. In the
EHC-SCMA scheme, the energy spread is feasible
both between codewords and within codewords. When
M = 1, the energy of each codeword is extended
equally over the entire data block containing M N /K
codewords, achieving a uniform distribution of sym-
bol energy. In the following analysis, we will use this
case, and the results will be easily extended to other
conditions.

At the receiver, as shown in Figure 4, after removing
CP and other operations, the signal is first processed
by the extended hybrid carrier demodulation, followed
by a two-stage detector combining transform domain
signal detection and SCMA decoding to obtain the es-
timated signal. For the vth user, the transform domain
equivalent baseband signal can be expressed as

n—1
ro=E Y mEV AN 1z, (40)
=0

where z, denotes Gaussian white noise, H" de-
notes the channel matrix of user v, and hj is
the complex gain of the ith path. = is the

permutation matrix, which satisfies EiZn =
§((m—-n—10),), and max(IY) < L. AN =
diag [1,exp (2nkYj/L),...,exp 2wk} (L —1)j/L)]
is the diagonal matrix. Then the equivalent channel
matrix H of the vth user can be expressed as

v =

n—1
H,=E') nEVANE. (41)
=0

Since the extended hybrid carrier modulation ma-
trix is a circulant matrix, it can be decomposed into
E = FYXF by the Fourier transform matrix of size

L x L, where ¥ = diag[wy,w1,...,wy—_1] and
L—1

wg = 1 > exp(—2mjkn/L)w,. Then ith path of
=0

n
the equivalent channel matrix can be expressed as

H,, = F's'II.FAY F'SF, (42)

where B! = FENFH and satisfying 2 (k, k) =
exp <727erlyj>. Let ® = FA® F! | then we have

_ 1 exp(@n (ki —p+q)J)—1
P4 Lexp (2m (kY —p+q)j/L) -1

(43)

When £} is an integer, ®,, = 6 ((p—q—Fk);)
holds, and when £ is a fraction, we have

L—-1

P, <
Dyl < 2

(K —p+a) 1
coS (L)‘ + I (44)
It can be seen that |®,,| decreases rapidly as
|7 (kY — p + ¢)/L| increases, so we can consider only
the case of kY —r;* < k? < kY+#;%, where k? denotes
integer Doppler and |®,, | is less than the sensitivity
threshold in the case of |kY —p+¢q| > ;. At this
point, we obtain that ®,, , takes a nonzero value when
<p — kY — /{i”>L <q< <p — kY + /{i”>L. Then the
equivalent channel matrix can be expressed as

2k
H),=n) W (45)
g=0

Let l?:zg = Ef — k" + g, then when ¢ =
(p—1V+ ki, — CQI%>L’ the elements of row p and
column ¢ in \If?” are nonzero, which can be expressed
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Figure 3. The model of EHC-SCMA in downlink.
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Figure 4. The block diagram of the receiver.
as
. 1 2mqk?
B — 39
¥" (p.q) = 7 exp ( 7 I T (46)

where ¢, stands for ¢}, (¢) meeting ¢/, (¢') =
log2LJ
c

c(g) — e(e) s ((R,),), and o = 2l"F*] ¢ =

-1

1,...,0. Let goﬁg = Y exp (jﬁ'v,d)/@a and Blﬁ,d =
d=0

B<d717€f,g>ﬁ —Ba+2mcy d/v, then T i can be expressed

as Ty = gong’g/, where

exp (2mj (kY — l?:;jg)) -1

Ty = exp (—j%kﬁf)
(47)

In this way, we obtain the transform domain input-
output relation of the signal. It can be found that
the equivalent channel matrix has good sparsity and is
suitable for low-complexity detection algorithms. Fi-
nally, the estimated signal is obtained by the SCMA
detector separately. The proposed scheme achieves

exp (2mj (k¥ — E;g)/L) -1

the symbol extension and superposition of multi-user
through extended hybrid carrier modulation. The
available time-frequency resources can be occupied by
the symbol of each user, thereby obtaining higher di-
versity. At the receiver, the user processes and de-
tects the received signals in the transform domain to
cope with the delay and Doppler spread of the doubly-
selective channels. Compared to the existing SCMA
scheme, due to the uniform energy distribution design
of the proposed scheme, the channel interference of
each codeword is shared by all codewords, which ef-
fectively reduces the impact of residual interference
on detection, thereby enhancing the reliability of the
multiple access scheme.

4.2 In Uplink

In this subsection, we introduce the uplink of the pro-
posed EHC-SCMA scheme, as shown in Figure 5. For
the vth user, the SCMA is conducted and the signal is
converted to the time domain by codeword mapping
and extended hybrid carrier modulation. The add/re-
move CP and RF processing modules are omitted from
the block diagram for simplicity. The transmit signal
for the vth user can be expressed as

T, = vec (XUT) = (E® Iy) sy, (48)

St 1y )» St is the kth
codeword of SCMA. A diagram of its codeword map-
ping and extended hybrid carrier modulation is given

where s, = h (Sg, [
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Figure 5. Block diagram of the EHC-SCMA in uplink.

in Figure 6. The SCMA codewords are allocated along
the readout direction with energy spread in blocks be-
tween different codewords, and generally satisfying
M=¢K. e Z.

At the receiver, the signal after transform domain
signal processing can be expressed as

V-1
=(E'ely)) H (EeIy)s + (E'ely)z
v=0
=Hs+ 2
(49)
where § = h(sg, s1,...,8y-1), H is the equivalent

channel matrix can be expressed as
(50)

where I';, = ey (v) ® Iy, and HY can be expressed as

H = (E'®Iy)H (E® ILy)
No—1
=Y W (E"'®Iy) FIEFAN (E® Ly).
=0
(1)
(E7' @ Iyy) FTELF AF (E @ Iy), then
V—-1n,—-1
wehave H = Z hYHYT,,. Assume kY € Z, and
v=0 =0

we can obtain HY satisfying the following relation.

< 2kt
_ exp

Let HY =

j) T, t=(s—&);

Hj (s,t) = L
0, otherwise,
(52)
where & = 1) = Mk +cavf L, vy =1-6 ((kY),.).c
I,...,v, and v/ = ol %7, Ty meets T} =

M
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Figure 6. The model of EHC-SCMA in uplink.

exp (—j%kV?) ¢?. It can be found that the equiva-
lent channel matrix has good sparsity and the received

signal can be expressed as

nw—1 o’

S HY (b,V)5y 0 (53)

V-1
3
v=0 =0 c=1
where b, = (b— 1Y + MkY — v L) . In addition,
considering that the SCMA codeword S} contains
only M’ non-zero elements, the above input-output re-
lation can be further simplified as

<

—
3
|
—

v

dy
Y HY (b0pa)5s, 0 54
d=1

S
Il
<)
I
o

where I:If =
;exp (2mkPbLj/L)TY (1 -9 (eb/cl_[:’ob’d))

I = I,k @Y. ppqis the label of the dth non-zero
element of the bth row of HY.

HYTIY satisfying I:If (b ppa) =

and

H is the equivalent
|I:IV71}
by removing invalid columns, and s¥ = s,II" denotes
the equivalent input signal after removing zeros.

channel matrix generated by H = [flo |-
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In this way, we obtain the input-output relation of
the uplink. Due to the effect of transform domain
non-orthogonality and channel multipath, it is an
obstacle to performing transform domain detection
before SCMA decoding for the signal as in the
downlink. Considering the sparsity of the equivalent
channel matrix, we use a message passing algorithm
for multi-user detection.

The input-output relation can be expressed as r, =
sLk/N]

kéb hy 8k, and 8 = SM’(E—l):M’I_c—l’ where k =
k —N L%J ,N = L/K. In the transform domain

message passing model, each frame contains VL/K
user nodes Sj, and L resource nodes 7. S € clk/ NI,
where €¥ denotes the equivalent codebook for the vth
user. When h; j, = I:Ib,M’(k—l):M’k—l 1s not a zero vec-
tor, the user node Sy, is connected to the resource node
5. The set of user nodes connected to 7, is denoted
as &, and the set of resource nodes connected to sy, is
denoted as £¥. The message passing from user node to
resource node is defined as V3, _,,, and can be initial-
ized as V3, _,,, = log (ﬁ) And the message passing
from the resource node to the user node can be ex-
pressed as

Ury—3y, (m) = max Z ngfﬁrb <X§€,')
‘ k'€, k' #k
2
—]\1]0 =@ — N Ry ¢)L(2,/NJ
k'€E, k' £k
(55)
The updating of V;, _,,, can be expressed as

‘/gk‘”"b (m) = Z

Tyr ek Tyt T

Uy, 5, (m).  (56)

After iteration, the final probability of each symbol
is calculated, and the symbol for which the posterior
probability value takes the maximum value is selected
as the estimation result expressed as

sy = €y, M = argmazx Z Ur, -5, (9N)
bregk
(57)
The proposed EHC-SCMA scheme can be viewed as
a fusion of the extended hybrid carrier power layered

multiplexing and the concept of multi-user superpo-
sition transmission. Through the transform domain
signal processing, the symbol energy superimposition
is extended to multiple codewords, hence exhibiting a
stronger ability to suppress residual interference. The
proposed scheme shows the advantages of the supe-
rior energy distribution design and the high spectral
efficiency, which can achieve robust BER performance
under multi-user scenarios.

V. SIMULATION RESULTS

In this section, simulation results are presented to il-
lustrate the advantages of the proposed scheme. In
the simulation, a carrier frequency of 5.9 GHz, sub-
carrier spacing of 15 kHZ, and the assumption of per-
fect channel state information at the receiver are used.
Performance for both uplink and downlink will be ver-
ified.

We first evaluated the EHC-OMA system. In the
simulation, it is assumed that there are 4 users with
equally allocated resources in the system. The sig-
nal of each user experiences independent channels and
the MMSE detector is employed at the receiver. Fig-
ure 7. presents the theoretical and simulation results
of the bit error rate of the EHC-OMA uplink over
the frequency-selective channels. The QPSK signal
is adopted without considering the coding gain. ITU
Pedestrian-B channel mode is used to generate the
frequency-selective channels, and the relative delay
and the average power are [0, 200, 800, 1200, 2300,

102

Bit Error Rate

e
&

& HC-FDMA,Sim
OFDMA,Sim

> SC-FDMA,Sim
al ¥V EHC-OMA,Sim

10 HC-FDMA, Theo
OFDMA, Theo

——— SC-FDMA,Theo

EHC-OMA, Theo
; ;

10'5 T I I I I I I
0 2 4 6 8 10 12 14 16 18 20
E/)/No(dB)

Figure 7. BER performance of EHC-OMA system in uplink

over the frequency-selective channels.
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Figure 8. BER performance of EHC-OMA system in uplink
over the doubly-selective channels.

3700]ns and [0, -0.9, -4.9, - 8.0, -7.8, -23.9]dB respec-
tively. It can be seen that the theoretical curves overlap
with the simulation results, and the proposed scheme
can achieve optimal bit error rate performance under
the same subcarrier mapping scheme, which is consis-
tent with the results of the theoretical analysis.

For the doubly-selective channels, we consider the
EVA model with the multipath delay [0, 30, 150, 310,
370, 710, 1090, 1730, 2510]ns and the average power
[0, -1.5, -1.4, -3.6, -0.6, -9.1, -7.0, -12.0, -16.9]dB.
The normalized Doppler shift FDT is used to describe
the time-varying properties. Figure 8. presents the
BER performance of the uplink when FDT is 0.001.
The HC-OMA schemes with different parameters are
provided for comparison. Simulation results show that

10° T T T

—p— SC-FDMA
OFDMA
p —— HC-FDMA,0=0.25
107 ¢ - —A—HC-FDMA,a=05 |3
HC-FDMA, 2=0.75
—O— EHC-OMA
102
2
2
-4
g
21078
=
10
10°
‘ | ‘ | ‘ | ‘ | ‘
0 2 4 6 8 10 12 14 16 18 20

E /)/N U(dB)

Figure 9. BER performance of EHC-OMA system in down-
link over the doubly-selective channels.

the proposed scheme achieves significant performance
advantages. Compared to the optimal parameter HC
scheme, SC-FDMA, or OFDMA scheme, it has a per-
formance gain of no less than 1.5dB, 2dB, and 4dB
at the BER of 1072 respectively. Figure 9. gives the
BER comparison of the EHC-OMA downlink, where
FDT=0.002. Compared to the HC scheme, due to the
implementation of a completely uniform symbol en-
ergy distribution design, the performance advantage of
the proposed scheme is more pronounced.

Figure 10. to Figure 12. evaluate the EHC-NOMA
scheme. We consider an EHC-SCMA system contain-
ing 6 users with the overloading factor A = 150%.
The SCMA codebook proposed in [32] is chosen for
the simulation. The factor matrix is shown in Eq. (58),
and the mapping matrix can be obtained from F.

(58)

=5
Il
o o

Figure 10 examines the performance of the up-
link EHC-SCMA system under different FDT, using
a transform domain message passing algorithm for de-
tection, demonstrating that the proposed scheme out-
performs the SCMA scheme in terms of bit error rate
under various Doppler conditions. Figure 11 presents
the simulation results for the downlink and offers a

. . .
—-©-— SCMAfdt=1e-4
—-+-— EHC-SCMA fdt=1e-4
10 —O6— SCMA fdt=5e-4 E
i —+— EHC-SCMA fdt=5e-4
% — © —SCMAfdt=1e-3
B\ \ - — 4 — EHC-SCMA fdt=1e-3
102 F
2
5
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g
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Figure 10. BER performance of EHC-SCMA system in up-
link over different FDT.
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Figure 11. BER performance of EHC-SCMA system in
downlink over the doubly-selective channels.

comparison with the HC-SCMA scheme. A two-stage
detector with MMSE and MPA in the transform do-
main is adopted. Notably, HC-SCMA degrades to
the SCMA scheme when @ = 0 and to the MC-
SCMA scheme when o = 1. Compared to the ex-
isting scheme, our proposed scheme, due to exhibit
stronger channel distortion compensation capability,
showcases superior BER performance and reliability
benefits, making it well-suited for supporting mas-
sive connectivity in high-mobility scenarios. Lastly,
we present the relationship between the bit error rate
and the number of iterations. As illustrated in Fig-
ure 12, the BER decreases with each iteration, stabi-
lizing gradually. We observed that typically, five it-
erations are sufficient to achieve stable BER perfor-
mance. The proposed scheme achieves significant per-
formance gains at the cost of a minor increase in com-
plexity.

Simulation results show that compared with the
hybrid carrier multiple access scheme, the proposed
scheme effectively improves the bit error rate perfor-
mance of the system, which is an advantage brought
about by its unique energy distribution design and
power layered multiplexing structure. In addition, un-
like the hybrid carrier multiple access scheme, which
relies on parameter selection to obtain performance
advantages, the proposed scheme has better channel
adaptability. It can achieve robust bit error rate per-
formance without acquiring channel state information
at the transmitter, demonstrating its feasibility and ad-
vantage in achieving multiple access and reliable com-

; T

—b— SCMA

—<— HC-SCMA,a=0.25

—4A— HC-SCMA,a=0.5
HC-SCMA,a=0.75
HC-SCMA, a=1

—%— EHC-SCMA

Bit Error Rate
A4
A4

10

I I I I I I
1 2 3 4 5 6 7 8
Tteration

Figure 12. BER performance of EHC-SCMA system in
downlink versus the iterations.

munication under complex channel conditions.

VI. CONCLUSION

This paper concerns the multiple access issue and
studies a novel multiple access scheme for the ex-
tended hybrid carrier system, proposing correspond-
ing OMA schemes for uplink and downlink respec-
tively. The proposed scheme fully utilizes the time-
frequency energy distribution design capability of the
EHC system to average out residual interference and
improves the BER performance compared to the HC
scheme at the cost of a slight increase in computa-
tional complexity. On this basis, regarding the demand
for massive connectivity, the EHC-SCMA scheme is
proposed. The distribution of the codewords in the
transform domain is studied, and a message passing
algorithm detector is designed for the uplink. The pro-
posed scheme combines EHC modulation and SCMA,
possessing both excellent bit error rate performance
and superior capability of multiple access, which can
better meet the complex scenarios and requirements
of the next-generation communication system. Future
research will focus on low-complexity channel estima-
tion algorithms, and extending the proposed scheme to
the multi-antenna scenario is considered.
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