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Abstract. Non-orthogonal multiple access (NOMA) based coordinated
direct and relay transmission (CDRT) is recognized as one of the enabling
technologies for effectively enhancing spectral efficiency and coverage
range in mobile communication systems. However, most conventional
NOMA based CDRT schemes only support cellular data transmission.
To simultaneously support both cellular and Internet of Things (IoT)
data transmission and further improve the spectral efficiency of the
system, this paper proposes a novel bidirectional backscatter NOMA
scheme for CDRT systems. Specifically, the proposed scheme utilizes
both uplink NOMA and downlink NOMA to facilitate the sharing of
spectrum and time resources between cellular information and IoT data
reflected by users. To accurately characterize the effectiveness of the
proposed scheme, the closed-form expressions for the ergodic sum capac-
ity (ESC) are derived. Simulation experiments validate the correctness
of theoretical analysis and demonstrate that the proposed scheme can
achieve better ESC performance than the conventional NOMA based
CDRT and orthogonal multiple access.
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1 Introduction

The sixth generation (6G) mobile communication urgently requires enhance-
ments in system spectral efficiency and communication coverage to support
diverse vertical applications [1-3]. Integrating non-orthogonal multiple access
(NOMA) and coordinated direct and relay transmission (CDRT) enables the
exploitation of power domain NOMA to serve multiple users within the same
time/frequency/code resources, while also supporting direct transmission and
relay communication simultaneously [4,5]. Thus, NOMA based CDRT, renowned
for its high spectral efficiency and broad coverage, has become a focal point of
academic interest in recent years. For instance, significant research efforts have
been dedicated to studying various aspects of NOMA based CDRT systems,
such as efficient aggregate transmission [6], physical layer security [7], and high
speed mobile applications [8]. However, existing NOMA based CDRT schemes
encounter challenges due to limited spectrum resources and inter-user interfer-
ence. These challenges hinder the simultaneous support for the fusion transmis-
sion of cellular information and low rate Internet of Things (IoT) sensing infor-
mation, thus impeding the heterogeneous fusion development of future mobile
communications.

Fortunately, backscatter NOMA offers a novel approach to address the afore-
mentioned issues. Backscatter communication utilizes ambient radio frequency
(RF) signals and adjusts the matching state between load impedance and
antenna impedance to reflect low rate IoT information to the receiver with-
out consuming additional energy [9]. When the receiver is equipped with both
the conventional transceiver circuits and backscatter circuits, it can decode its
own information using a portion of the received signal, while the remaining part
is used to modulate its own information for transmission [10].

Motivated by these observations, this paper proposes a novel bidirectional
backscatter NOMA scheme for CDRT systems to simultaneously support the
fusion transmission of cellular and IoT information, thereby further enhancing
spectral efficiency. The contributions of this paper are summarized as follows.
(1) This paper proposes a bidirectional backscatter NOMA scheme for CDRT
systems. In the proposed scheme, the base station (BS) collects IoT information
from both the cell center user (CCU) and relay user (RU) using uplink backscat-
ter NOMA, and then the CCU collects IoT information from the RU and cell
edge user (CEU). Meanwhile, the BS employs downlink NOMA to serve the three
users in the two time slots. (2) To characterize the performance of the proposed
scheme, we derived the closed-form expressions for the ergodic sum capacity
(ESC) using Gamma-Gamma distribution and Gaussian-Chebyshev quadrature.
(3) Simulations demonstrate that the proposed scheme achieves superior ESC
performance compared with the conventional NOMA based CDRT and orthog-
onal multiple access (OMA) under various parameter settings.
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2 System Model

As depicted in Fig. 1, we investigate a CDRT system using backscatter NOMA,
consisting of one BS, one RU, one CCU, and one CEU. In this system, it is
feasible for the BS to communicate directly with RU and CCU. However, the
BS can only communicate with the CEU with the assistance of RU. This is
because the link between the BS and CEU has a long distance, severe deep
fading, or obstruction. All nodes operate with a single antenna, and the RU
employs a decode and forward (DF) protocol. Additionally, the BS is capable of
full duplex communication, while the other nodes operate in half duplex mode.
To improve the system spectral efficiency under the same energy supply condi-
tions, each user node is equipped with a hybrid wireless circuit, which includes a
transceiver circuit and a backscatter circuit. Specifically, the users can adaptively
switch between transceiver mode and backscatter mode. In the transceiver mode,
the users can complete general communication sending and receiving functions.
When the users switch to backscatter mode, it can complete decoding of the
received signals while reflecting its own information.

Second time slot
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Fig. 1. Illustration of the considered system model.

Assume that all channel links experience quasi-static Rayleigh block fading.
Subsequently, subscripts s, r, ¢, and e are used to denote the BS, RU, CCU,
and CEU, while superscripts 1 and 2 are utilized to distinguish the first and
second time slots, respectively. Define nodes w and v in the first time slot satisfy
w € {s,r,c¢} and v € {s,r,c}, nodes i and j in the second time slot meet
1 € {s,r,e} and j € {c,e}. Let hy, and Hy,, w # v, represent the channel
coefficient and channel power between w and v in the first time slot, and let
gij and Gy, © # j, denote the channel coefficient and channel power between
¢ and j in the second time slot. The channel coeflicients h., and g;; follow
complex Gaussian distribution, i.e., hyy ~ CN(0, 24,) and g;; ~ CN(0, £2;5).
Without loss of generality, it is assumed that the channel configuration satisfies
the conditions 2. > 24, 206 > 2,5, and 2. > 2.

3 Transmission Protocol
3.1 First Time Slot

In the first time slot, the BS operates in full duplex mode and performs superpo-
sition coding on the power-normalized signals xc, xr, and x. according to down-
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link NOMA. The CCU and RU operate in the backscatter mode. The signals z.,
z,, and x, are needed by the CCU, RU, and CEU, respectively. The signal to
be transmitted at the BS can be represented as S} = VacTe + /0Ty + /e,
where a., a,, and a, represent the power allocation coefficients (PACs) corre-
sponding to the signals z., x,, and x., respectively.

Due to £2,. > (2, and the absence of a direct link between the BS and the
CEU, the PACs should meet 0 < a. < a, < @, < 1 and @, + o, + a. = 1.
The CCU and RU can leverage a fraction of the RF signals from the BS for
backscatter modulation to convey their individual uplink signals u. and u,.
Subsequently, the residual portion of the incoming signals can be used for
self-information decoding. The received signals at the CCU, RU, and BS are
given by yi = hse V (1—- ac)PsS; + niv Yt = hsr V (1- ar)PsS; + n11-7 and
Yyl = hschesVacPsStue + hghpsv/a,PsStu, + Ss1 + nl, respectively, where
0<a.<1and 0<a, <1 are the reflection coefficients at the CCU and RU,
and Pj is the transmit power at the BS. The term nl ~ CN(0,02) denotes
the additive white Gaussian noise (AWGN) at the node w € {s, ¢, r}. Moreover,
Ss1 ~ CN(0,ePs{2) is the self-interference term due to the full duplex, where
0 < e < 1 represents the residual interference level, and {2, is the channel power
of the self-interference channel of the BS.

According to downlink NOMA, the CCU needs to decode z., x,, and x.
using successive interference cancellation (SIC). Thus, the signal-to-interference
plus noise ratios (SINRs) for decoding ze, x.,, and z. at the CCU are given by

Hsc<1 - ac)aeps
Hy(1—ac)(ae+ ap)ps + 17

Yow. =
T Hie(1 = ac)ayps

Ve, Hoe(1—ac)aeps +1°

’Yé,xc = Hye(1 = ac)aeps, (3)

where p, = % represents the transmit SNR at the BS. Based on (3), the achiev-

able rate associated with x. is R,, = %logQ(l—l—wé,xc). Meanwhile, the RU decodes

the signals x, and z,. via SIC, and the corresponding SINRs can be written as
1 - Hsr(l - ac)aeps
Tree = Ho (1= ao)(ce + an)ps + 1
Hsr(]- - ac)arps
Hsr(l - ac)acps +1

(4)

iz, = ()
Since the CCU needs to successfully decode z, in the first time slot before
decoding z., the achievable rate for z, is limited to 7} , . Based on (2) and (5),
the achievable rate for z, is given by R, = $log,(1 + min{vy} . ,vi, 1)

By recalling yi, the signal S! can be considered as a virtual fast fading
channel gain for decoding u. and u,., where S} ~ C'N (0, 1). The process of the BS
receiving the reflected uplink signals from the CCU and RU can be regarded as
an uplink NOMA transmission. Due to 25, > (2, and (2.5 > (2,5, the reflection
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coefficient is set to a. > a,. Thus, the BS can use SIC to decode u. and u,

sequentially. The SINRs for the BS to decode u. and w, are given by

HschsacPs‘Sl‘Q
" HyHyotrps| 1P + epoHos + 17

(6)

Vs ue

Herrsarps|Ssl|2 (7)
epsHss +1 ’

where Hgs ~ exp(£2s5). The achievable rates for u. and w, are given by R,, =

logy(1+2,,.) and Ry, = 3logy(1 472, ), respectively.

1 —
P)Is,ur -

3.2 Second Time Slot

In the second time slot, the CCU and RU switch to the transceiver mode, while
the CEU operates in the backscatter mode. To fully utilize the time resources
of the BS, a new downlink signal z/, is transmitted to the CCU from the BS
with the power P;. The RU broadcasts the decoded signal x, and the new
signal z... by using superposition encoding with the transmit power P,., where
.. contains the environmental information that be collected for the CCU from
the RU. Therefore, the superimposed encoded signal at the RU can be given
by S? = \/Brere + v/ Bexe, where .. and 3. denote the PACs corresponding
to x,. and x., respectively. Since the signal . is transmitted through a dual-
hop link, the decoding requirement of . is higher than that of x,., the PACs
should satisfy 0 < Gy < Be < 1 and (. + B = 1. Assume that the normalized
reflection coefficient at the CEU is b.. The signal z.. containing environmental
information is loaded onto a part of received signal via backscatter modulation
and reflected to the CCU. The remaining part of the received signal is used for
information decoding. Based on this, the received signal at the CEU is given
by y2 = grer/(1 — be)P.S? 4+ n?, where P, = 9P, 0 < 9 < 1 denotes the power
scaling factor, and n2 ~ C'N(0, Ny) is the AWGN at the CEU. The CEU decodes
. by treating x,. as interference, and the corresponding SINR is given by

762,% _ Gre(l - be)ﬂeﬂr ’ (8)
Gre(]- - be)ﬁrcpr + ]-
where p, £ L= denotes the transmit SNR at the RU. In the first time slot, the

CCU needs to decode z. before performing SIC. Because the RU adopts the DF
protocol, the achievable rate for z. is constrained by the weaker link in the BS to
RU and RU to CEU connections. Thus, by using (1), (4) and (8), the achievable
rate for z. is given by R, = %logQ(l + min{'ygymﬁ, 'y;’me,'yg@c}).

The received signal at the CCU is written as y2 = gseV/Ps + grevV/PrS2 +
GreGecV/be PrS2we. +n?, where n? ~ CN(0,0?) denotes the AWGN at the CCU.
Since z, has been decoded at the CCU in the first time slot, the CCU can utilize
the side information of x. to eliminate the term g,.v/BePrx. in y2. Furthermore,
y<2: is rewritten as y<2: = gsc\/ﬁsxlc + GrevV ﬁrcprxrc + GreGecV bePrS?‘xec + nz
The condition {25, > (2, holds and P; is usually higher than P,. Besides, the
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reflected signal .. experience a dual-fading channel, resulting in a corresponding
lower received signal power level. Therefore, the decoding sequence of the SIC
applied by the CCU is 2/, x;., and x... Specifically, the CCU first decodes x/,
by considering z,. and x.. as interference, with the corresponding SINR of

GSCpS
Grcﬂrc'ﬂps + GreGecbe'&ps +1°

Similarly, the SINR for the CCU to decode x,. can be given by

rcﬂrcﬁps
GreGecb 19/05 + 1

9)

2 _
’YC,I:: -

Voo (10)

When decoding z.., the CCU treats S? as a known virtual fast fading channel
coefficient. The corresponding SINR is given by
’yf)%c = GreGecbeVps| S22 (11)

Based on (9), (10) and (11), the achievable rates corresponding to the signal
), Tre, and e are given by Ry, = 3logy(14+92,..), Ra,. = 3loga(14+92,,),
and R,,, = 3logy(1+12,. ), respectively.

4 Performance Analysis

This section analyzes the ESC for the proposed scheme. Because this paper
considers Rayleigh block fading channels and assumes that S} ~ CN(0,1) and
S2 ~ CON(0,1) hold, both the channel power and signal power follow exponential
distributions. Using (3) and R, , the ergodic capacity for z. is calculated as

Cy, = ! / ! (1-F,, (2))de
0

2In2 14z
1 <1 v
= — T (—ac)acps2sc (
2In2 / 1+z° v
1 .
= T=eo)acrs Zse Fi— -
T Ei(—=1/((1 — ac)ocpsf2se)), (12)
where Ei(- ) is the exponential integral function [[11], eq.3.352.4].

Let Z, & mln{vC zm Vo, }. Based on the order statistics, the cumulative dis-
tribution function (CDF) of Z; is obtained as Fz,(2) =1 — (1 - F,1 (2))(1 -
F,i. (2)), where Fu (2) =1—exp (— (17%)%9':0(%7&&)) and F3 (2) =
1—exp (— =T fr(aﬁa z)) forz < §=, while 3 (z) =1land F; (z)=1
forx > o= Therefore using Gaussian- Chebyshev quadrature the ergodlc capac-
ity for xr is given by

oy = 21n2/ 1+2 + ~ Pz (2))dz

1
— J1— CFy(g)——, (13
4ln2a M — 2(42,))7 + s, (13)
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2mg,. —1 1 Zp
where Q. = cos( ;nj\l ), o, = —‘“(;;?“), M,

tradeoff parameter.

Let Zy £ min{"},_ ,V},.,72.. }- Similar to Z;, applying the order statis-
tics, then we can calculate the CDF of Z3 as Flz,(z) =1 — (1 — F,1 (2))(1 -
o, ()= Fp  (2)), where Fyy | () =1 —exp (- (ae—(ac+a7 S (a5 02 )
and F,YlL( x)=1—exp (—(a —(aﬁw)i)(l TR ) for » < - +a , while F.,
and F.1 () equal one for z > . The CDF of 72, is Fp . (@) = 1-

exp( = (,6’ 50 ) andF ( )=1for z < Bﬁ anda:> gﬁ_, respec-

tively. Therefore, using Gaussian- Chebyshev quadrature, the ergodic capacity
for x, can be obtained as

. is a complexity-accuracy

c, =1 /W L 1 Py (2))de

c " 2In2 142
SD:E Te
=0 T - F © PR 14
"~ 4In2M,, Zm =1 Qs ZQqC)1+Qxe (14)

2m vo (14Qu
where ¢, = min{ ;5-, ﬂm} Q. = cos( iy L), e, = %’ and M,,
denotes the complexity-accuracy tradeoff parameter.

Theorem 1. The ergodic capacity for u. can be written as

Cu, = E11 — Z12 — Ep, (15)
where
1 w2 Mz, \/7 T
En=- - 1-Q=,,2 and=y g
M Y24z, 2 o1 Q= 7e
x Ei(—1/(2tangz=,,)) fv; (taanu)(SeC a=.,)% (16)
4 My
Ep=—— 1— 1—
27 641n2M, M, st, 12 my1 L@ \/ (Qq)?
Ihtangy, _ tandy 1+tan
Teps2ss  2tang, q 7
xe Psflss Ttanqy g (L7 dor. 2 2 ¢ ’ 17
¢ 1< EPsts >tan g (Secqel) (Secqe) fvl( an qe) ( )
Z2 =E1(/ni () = fn (), (18)

/ 3
Q 2

where fvl(v) - 22]1 1{H]2 1;&] Q/ / (f); ) v2K1(2 ] )}’ fVQ(U) =

(2y/5=): and (fri(-) — fw (")) represent that Zp can be obtained by

replacing fy,(-) to fy,(-) in Z1. The functions K1(-) and Ko(-) represent the
first-order and zero-order modified Bessel functions of the second kind, respec-
tively. Besides, QQ, = COS(Q?AZIW), Q, = cos(272n;’w’9_,l7r), Q=,, = cos(%w),
= = %7 4y = %(1 +Q9)7 and 4, = %(1 +le); where M9’7 M97 and

Mz,, are complexity-tradeoff parameters.

Proof. See Appendix A. O
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Using a derivation method similar to Theorem 1, we can calculate C,,
Cu, = Z9 — 23, where =23 = 211 e s Ei(— spSQ ). Applying the Gaussum—
Chebyshev quadrature with Varlable substitution x = tan # ,we can approximate
the ergodic capacity for z/, as

1 31— Fy(tan®
C, — / 1 (tan )(sec0)2d0

¢ 2In2 1+ tanéd
/ — Fr(tan gy ) 9
= 1 _ - c » , 19
21H24M /e Zm r.=1 Q ¢ 1+tanqz/ (qu c) ( )
2 _ Rse 1 . i
where Fi(I) = 1+ 5o Sammopant e e Bil = o),

2my, —1
Qur = cos( ;nM ), Qo = 5(1+ Qs ), and M, s is a accuracy-complexity
tradeoff parameter.

Similarly, using [[11], 3.352.4], the variable substitution x = tan6, and
Gaussian-Chebyshev quadrature, we can calculate Cy_, as

Ty ﬂpgz
mec 21n2 / / 1 + u)fGreGec (x)du

1
21112/ —CbeﬂpgrEl( b ﬂp x)fGTpG(,p( )d.’[

N 21n24M Zm m»eﬁmm%

B o tangn tan go o)) 20
. 1( beﬁps tan 9z, )fGrEGEL( ang eL)(seC(q ec)) ( )
where Qz,, = COS(QmQ—Aymcezlﬁ)7 Q.. = %(1 + Qxec), f‘Sg‘Q(:p) =e", fa..q.. (:17) _

Qre o K()( \ /m), and M, , is a accuracy-complexity tradeoff parameter.
Similarly, the ergodic rate for z,. can be calculated as

1 *1—Fr(t)
Cy,. = dt
fre 21112/0 1+t

72 M

Trc 1—FT(tanq )
= 1-Q, 22— o) )2 21
$In2M,,, me:l\/Tm T tang,,, oot (2D

BreQre t A
where Fr(t) =1+ bﬂ(f;neb GreSlect ~ Brevpstire El(—%), Qe,. = 31+

Qz..), Qu., = 005(221;[0 L7), and M, is a accuracy-complexity tradeoff
parameter. Based on the above analysis, the ESC for the proposed scheme is

given by Coum = Cp, + Cp, + Cy, +Cy, + Cy, +Cor +Cy,, + Cy,,

5 Simulation Results

This section evaluates the ESC of the proposed scheme (i.e., Prop.), the conven-
tional NOMA based CDRT (i.e., CNC), and OMA under the same parameter
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Fig. 2. ESC versus transmit SNR in two cases
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settings. We consider two cases, where Case I is set to 25, = 2.5 = 255 = 1,
Qg = s = e = e = 2o = 0.8, and 9 = 0.5, and Case II is set to
Dse = 2es = e = 2o = 0.5, 2y = 205 = 2. = 0.25, 2, =1, and ¥ = 0.1.
The PACs are set to a. = 0.01, o, = 0.09, o, = 0.9, B, = 0.9, and 5,. = 0.1.
The reflection coefficients are set to a. = a,, = a. = 0.6. For fair comparison, the
PACs for the NOMA-based CDRT are consistent with the proposed scheme.
Figure 2 illustrates the relationship between the ESC and p;. The figure shows
a significant overlap between the simulated values and the theoretical curves,
which indicates the correctness of the theoretical analysis. Moreover, the pro-
posed scheme outperforms other benchmarks in terms of ESC in different cases.
This is because the proposed scheme simultaneously applies NOMA and
backscatter communication to the system, which improves the system ESC.
Since OMA transmits as many signals as the proposed scheme without inter-
user interference, it can achieve higher ESC than the CNC. Figure 3 depicts the
ESC under different power ratio ¢. From the figure, it can be seen that the pro-
posed scheme still achieves the best ESC with 9. As the p, increases, the ESCs
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for all the three schemes are improved to different degrees. This is due to the
fact that the increase of transmit power at the RU can improve the information
rate of the CEU in all the schemes, thus increasing the overall ESC.

6 Conclusions

This paper investigated a NOMA based CDRT system comprising one full duplex
BS, one RU, one CCU, and one CEU. To enhance the system SE, we proposed
a bidirectional backscatter NOMA scheme, wherein the BS employs downlink
NOMA and uplink NOMA to serve three users and collect information from the
RU and CCU. Simultaneously, the CCU collects information from the RU and
CEU. The closed-form expressions for the ESC of the proposed scheme were
derived to evaluate system performance. Simulation results demonstrate that
the proposed analytical framework accurately characterizes system performance.
Moreover, the ESC performance of the proposed scheme outperforms both the
NOMA-based CDRT and OMA schemes.

A  Proof of Theorem 1

Denote A£ HSTH,«ga,«ps|Sl|2—|—H90Hcgacpg|51|2—\ Zn 1h o \/WS 12,

Hy H,sa,ps|St?, and C £ epsHy, where hy = hsr, hy = Rrs, hy = Rses h2 =
hes, a1 = a,, and as = a.. Based on this, the probablhty density functions
(PDFs) of A, B, and C can be written as fa(a) = 2V e 7V, fe(b) = ﬁeiﬁ,

— 1 % — Xaei anpslhnhnl® _ arpslhsrhes|?
and fo(c) = SoasC =%, where V| = smstoneinrand Vp = %

Based on v}, , the ESC for u. can be rewritten as

1
Cu. =575 B {In(A+C+1) ~In(B + C +1)}

21n2/ / / n(a +c+1)fa(a)fo(c) fv; (v)daded

21n2/ / / n(b+c+1)fp(b)fo(c) fv(v)dbdedv.  (22)

=

Considering A as a function of variable S}, we have Re{ZiZl . VanpsStt ~
N(0,V7) and Im{Zizl Bnﬁn\/oTpSSSl} ~ N(0,V1). Specifically, V; and V3 can
be equivalently written as V1 = Ei A and Vo = |harhys|?, where !, ~
CN(0,92,), iy ~ CN(0,1), gy ~ CN(0, 4y), s ~ CN(0,1), 2, = 0022000
and 2,, = % According to [12], the PDFs of V; and V4 are given in
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Theorem 1. Substituting fo(c) and [[11], 4.337.1] to (22), we have

=1= 21112 /O /0 In(1 +a)fa(a) fy, (v)dadv
E11
1 B e T 1+a
- epsss _
21112/0 /O € El( epsgss>fA(a)fV1 (v)dadv.  (23)

=12

Furthermore, applying [[11], 4.337.1], the variable substitution § = arctan v,
and the Gaussian-Chebyshev quadrature to Z171, we can obtain Zq7 as (16).
Similarly, we can use the variable substitutions § = arctanv and 6’ = arctan a,
and the Gaussian-Chebyshev quadrature to obtain Zi5 as (17). Since Z; and
Eo have similar integral forms, we can easily obtain Zo = Z1(fy, () — fin(+)).
Substituting =11, Z12, and Z5 into (19), we obtain C,,.
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