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Abstract—Existing works on mutualistic backscatter commu-
nications (MBC) rely on the existence of direct links connecting
both the primary user (PU) and the backscatter device (BD) to
the destination node (D), rendering them ineffective when these
links are blocked. While relay technology offers a solution, the
performance of relay-assisted MBC and whether the backscatter
link still benefits the primary link or not remain unclear.
Additionally, the energy-harvesting capability of BD has been
largely ignored in the study of MBC. This paper investigates a
relay-assisted MBC network, where a decode-and-forward relay
(R) forwards the messages of a PU and an energy constrained BD
to D. We propose three forwarding schemes for R, i.e., orthogonal
time-division multiple access (OMA), non-orthogonal multiple
access (NOMA) with static power allocation (PA), and NOMA
with dynamic PA. Considering the energy-causality constraint
of BD, we derive the outage probabilities and diversity gains of
the primary and backscatter links for each forwarding scheme.
Computer simulation verifies the correctness of our analytical
results and reveals that different from conventional MBC, in the
relay-assisted MBC, whether or not the backscatter link improves
the primary link’s outage performance depends on the specific
forwarding scheme employed, as well as the location of R and
the power reflection coefficient of BD.

Index Terms—Mutualistic backscatter communication, relay,
outage performance.

I. INTRODUCTION

The 3rd Generation Partnership Project (3GPP) has initiated
studies on ambient Internet-of-Things (A-IoT), characterized
by massive ultra-low complexity and ultra-low power devices
[1]. The massive A-IoT devices are anticipated to be battery-
less or equipped with limited energy storage, and thus may rely
on passive communication technologies such as cooperative
backscatter communication (BC) [2]–[5]. In cooperative BC,
a backscatter device (BD), which can be an A-IoT device,
modulates and reflects the incident signal from a primary
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user (PU) to its associated destination (D) [5]–[8], and D
performs successive interference cancellation (SIC) to recover
the information sent by the BD and the PU. Depending on
whether the BD’s symbol duration is much longer than that of
the PU or not, cooperative BC can be classified into parasitic
BC (PBC) and mutualistic BC (MBC) [6], [7]. In PBC, the
symbol durations of the BD and the PU are comparable, thus
the BD’s reflected signal introduces co-channel interference
to the primary link [7]. In MBC, as the symbol duration
of the BD is much longer than that of the PU, the signal
reflected by the BD can be regarded as an additional multi-
path component of the PU’s signal and may enhance the
transmission performance of the PU [7].

1) Related Works on PBC: The authors in [9] derived the
outage probabilities (OPs) and diversity gains for both primary
and backscatter links in a PBC system under the assumption of
perfect SIC at D. Considering the imperfect SIC at D and the
energy-causality constraint at BD, the authors of [8] derived
the OPs for both primary and backscatter links of PBC. The
results in [8] and [9] indicated that the co-channel interference
in PBC leads to the saturation of OPs for both primary and
backscatter links, resulting in a diversity gain of zero. This
issue was solved in [10] and [11], where adaptive PRC was
designed to ensure the successful decoding of the primary
signals. In [12], the authors investigated the scaling behavior
of OP and ergodic capacity in PBC. The authors in [13]
maximized the ergodic capacity of the backscatter link in PBC
by optimizing the PU’s transmit power and the BD’s reflection
coefficient, subject to the energy-causality constraint of BD.
The authors in [14] maximized the sum rate of the primary and
backscatter links by optimizing the PU’s beamforming vector.
To enhance the BD’s transmission performance, the authors
in [15] proposed and evaluated a reconfigurable intelligent
surface (RIS) assisted PBC, in which one part of RIS is used
to improve the wireless channel conditions and the remaining
part is used to perform BC. The PBC was also integrated
into the non-orthogonal multiple access (NOMA) system [16],
where the BD modulates and reflects the composite signal
of two NOMA users. The performance of the PBC-NOMA
was improved by employing simultaneously transmitting and
reflecting reconfigurable intelligent surface in [17], [18].

2) Related Works on MBC: The authors in [7] maximized
the weighted sum rate of both the PU and BD in an MBC sys-
tem by jointly optimizing the PU’s transmit power and beam-



forming vectors. Considering multiple BDs and their energy-
causality constraints, the authors in [19] maximized the energy
efficiency of an MBC system by jointly optimizing the PU’s
transmit power and the power reflection coefficient (PRC) and
time of each BD. The authors in [20] derived the upper bounds
of the ergodic rate for both the primary and backscatter links
of an MBC system. In [21], the authors derived the bit error
rate (BER) of both PU and BD’s transmissions, and revealed
the minimum symbol period ratio between BD and PU that is
required for the BD reflected signal to help reduce the BER of
the PU’s transmission. Considering the hardware impairments
(HIs) in an MBC system, the authors in [22] and [23] derived
the rate expressions of the PU and BD, and demonstrated that
even under HIs, the signal reflected by BD can still boost
the PU’s transmission rate. Considering the energy-causality
constraint for the BD, the ergodic capacities of both primary
and backscatter links were derived in closed forms in [24],
[25]. Those results indicated that imposing an energy-causality
constraint on the BD reduces the ergodic capacities of both
primary and backscatter links. Two multiple access schemes,
i.e., simultaneous access and selection diversity access, were
proposed for multi-BD MBC and analyzed in term of the
ergodic rate in [26].

We note the following gaps left by the above works.

• The outage performance of the MBC has been largely
overlooked in the existing works, although it has been
extensively studied for the PBC (see [8]–[11] and refer-
ences therein).

• All of the above works on MBC [7], [19]–[26] assumed
the availability of direct links between the PU/BD and
D, which however may be blocked due to deep fading
and/or obstacles in many application scenarios. For such
scenarios, the use of relay1 technology [27] to support the
transmission from the PU/BD to D in an MBC system
has not been investigated yet. The existing works on the
combination of BC and relay cannot be readily applied
to an MBC system because they either used a dedicated
energy source to forward the BD’s signal to D [28] or
let a BD serve as a relay for other BD(s) but without
sending its own information to D [29].

• A BD is typically capable of harvesting energy from
incident signals and can potentially sustain their circuit
power consumption without using battery energy, yet
the energy-causality constraint of BD in MBC has been
overlooked in [7], [20]–[23], [26]. Although [19], [24]
and [25] considered the energy-causality constraint of
BD, the resulting outage performance of MBC was not
studied.

In this paper, we address the above gaps and study the
outage performance of a relay-assisted MBC network, while
considering the energy-causality constraint of the BD. Our
main contributions are summarized as follows.

1It should be pointed out that the reconfigurable intelligence surface can
also used to address the absence of direct links between the PU/BD and D.
It will be an interesting topic of future work.

• We propose a relay-assisted MBC network, where the
PU shares both the spectrum and energy resources with
the energy self-sustaining BD and they both transmit
information to D with the help of a decode-and-forward
relay (R) due to the absence of direct links between the
PU/BD and D. Since R needs to forward both signals
from the BD and PU to D, the performance of the relay-
assisted MBC network depends on the forwarding scheme
employed at R. We propose three forwarding schemes2

for R to address how R forwards both PU’s and BD’s
signals to D: (i) an orthogonal time-division multiple
access (OMA) scheme that allocates two equal sub-time
slots to forward PU and BD’s signals sequentially to
D, (ii) a non-orthogonal multiple access (NOMA) with
static power allocation (PA) scheme that allocates fixed
power levels for conveying PU’s and BD’s signals to
D simultaneously, and (iii) a NOMA with dynamic PA
scheme that dynamically adjusts the power levels for
forwarding PU’s and BD’s signals to minimize BD’s OP,
without degrading PU’s OP with respect to the case that
R forwards only PU’s signal to D.

• We derive the OP expressions of the primary (from PU
to D through R) and backscatter (from BD to D through
R) links for each of the three relay forwarding schemes
under Rayleigh fading channels. Based on the derived
OP expressions, we show that the diversity gains of the
primary and backscatter links both equal one under each
of the three forwarding schemes, while their OPs are
different for different forwarding schemes.

• Simulation results are provided to verify the accuracy
of our analytical results and evaluate the performance of
the proposed relay-assisted MBC network in comparison
with a relay-assisted PBC network and a traditional
decode-and-forward relay network that contains only PU,
R and D. Our analytical and simulation results reveal the
impact of the decode-and-forward relay on the outage
performance of MBC and provide practical insights into
how the PRC of the BD and the location and forwarding
scheme of R should be properly set to minimize the OP
of the PU or BD.

II. SYSTEM MODEL AND FORWARDING SCHEMES

Fig. 1 shows our proposed relay-assisted MBC network,
where R adopts the half-duplex decode-and-forward protocol3

and supports both the primary link (PU→R→D) and the
backscatter link (BD→R→D) with the target throughput R1

and R2, respectively. The BD’s circuit structure can be referred
to Fig. 1 of [8]. For simplicity, all the nodes are equipped

2The proposed three forwarding schemes can be directly applied to relay-
assisted PBC, yet the outage performance may differ from that of relay-
assisted MBC and require a separate study.

3It should be noted that adopting the full-duplex decode-and-forward
protocol can nearly double spectral efficiency, as compared to the half-duplex
one considered in this work.
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Fig. 2. Frame structure of each time slot in a two-hop relay network.

with a single antenna4. We assume that there are no direct
links between PU/BD and D due to deep fading and/or
obstacles, i.e., the communication from PU/BD to D has to
rely on R. All channels are assumed to follow independent
quasi-static Rayleigh fading, i.e., each channel stays static
during a transmission block T0 but may vary between adjacent
transmission blocks. The channel coefficients for the links PU
→ R, PU → BD, BD → R, and R → D are denoted by
hj ∼ CN

(
0, d
−vj
j

)
, j = 0, 1, 2, 3, respectively, where vj

and dj denote the path loss exponent and the distance of
the corresponding link, respectively. Thus, the channel gain
|hj |2 follows an exponential distribution with the parameter
λj = d

vj
j . As shown in Fig. 2, each transmission block T0 is

divided into two equal time slots that are allocated to the two
hops respectively.

A. The First Time Slot

In the first time slot, PU sends its signal to R with transmit
power Pt, and BD modulates and reflects a part of the incident
signal to R while harvesting energy from the remaining
incident signal. Let s (n) ∼ CN (0, 1) and c (k) ∼ CN (0, 1)
denote the PU’s signal in the n-th symbol period and the BD’s
signal in the k-th symbol period, respectively. In MBC [7],
[19]–[26], the symbol period of c (k), denoted by Tc, is L
times longer than that of s (n), denoted by Ts, i.e., Tc = LTs,
where L� 1 is a positive integer, but Tc is much shorter than
T0.

Considering a nonlinear energy harvesting (EH) model, the
harvested power Pe at BD can be written as

Pe = f (Pr) (1)

4We note that the spatial modulation [30] and index modulation [31] have
been proposed for enhancing the BD’s transmission performance. These novel
modulation schemes can also be applied in our considered network if multiple
antennas are adopted.

where Pr = (1− β)Pt|h1|2 is the input power to the EH
circuit, β ∈ [0, 1] is the PRC of BD, and f (·) is a function that
describes the mapping relationship between the input power
and the harvested power.

We assume that the BD is activated5 only when the energy-
causality constraint Pe ≥ Pc is satisfied, where Pc denotes the
BD’s circuit power consumption required for backscattering.
Substituting (1) into Pe ≥ Pc and using the fact that the
harvested power of a nonlinear EH model is a non-decreasing
function with respect to its input power, this energy-causality
constraint of the BD is equivalent to

|h1|2 ≥
φ

(1− β)Pt
, (2)

where φ = f−1 (Pc), and f−1 (·) is the inverse function of
the nonlinear EH model.

Remark 1: The function f−1 (Pc) can be any nonlinear
EH model, thus ensuring the applicability of our analytical
framework to various nonlinear EH models.

Depending on whether Pe ≥ Pc holds or not, the received
signal at R falls into one of the following two cases.

Case I : If Pe ≥ Pc, BD is activated, then it modulates
its own signal c (k) on the incident signal

√
Pth1s (n) and

backscatters the modulated signal
√
Ptβh1c (k) s (n) to R. The

received signal at R can be written as

y(I)r (n) =
√
Pth0s (n) +

√
Ptβh1h2c (k) s (n) + zr (n) , (3)

where zr (n) ∼ CN
(
0, σ2

)
denotes the additive white Gaus-

sian noise (AWGN) at R.
In this case, R first decodes s (n) by treating√
Ptβh1h2c (k) s (n) as a useful signal since Tc � Ts

and then detects c (k) after using the SIC technique to
subtract

√
Pth0s (n) from the received signal over LTs [7].

According to [7, eq. (11)] and [7, eq. (18)], the achievable
throughput (bit) in the first hop of the primary link and the
backscatter link can be expressed as, respectively,

R(I)
r,s =

BT0
2

Ec(k)
[
log2

(
1 + ρ

∣∣∣h0 +√βc (k)h1h2∣∣∣2)] ,
(4)

R(I)
r,c =

BT0
2L

log2

(
1 + γ(I)r,c

)
, (5)

where ρ = Pt
σ2 is the input signal-to-noise ratio (SNR), B is the

bandwidth, ρ
∣∣h0 +√βc (k)h1h2∣∣2 and γ(I)r,c = ρβL|h1|2|h2|2

are the SNR to decode BD’s and PU’s signals, respectively,
and Ex [·] denotes the expectation operator over the random
variable x. Please note that (5) is derived under the assumption

5This assumption relies on the harvested power being used immediately to
support the BC, which is feasible in practice for the following reasons. The
circuit power consumption of BC typically ranges from several microwatts
to tens of microwatts. This level of power can be effectively provided by
mainstream EH receivers (e.g., Powercast’s P2110/P2110B and P1110) when
the distance for wireless power transfer is within a few meters. Yet, it should
be noted that allowing a pure EH phase for BD to accumulate energy [32]
can greatly increase the probability that the BD is activated and the OP of
the backscatter link.



of perfect SIC [7], [19]–[26]. Since the main purpose of this
work is to propose a relay-assisted MBC network and then to
evaluate its achievable outage performance under the energy-
causality constraint, perfect SIC is assumed for analytical
tractability in deriving the OP expressions.

Case II : If Pe < Pc, BD does not backscatter signals to R.
Then, the signal received at R is

y(II)r (n) =
√
Pth0s (n) + zr (n) . (6)

Based on (6), the achievable throughput (bit) in the first hop
of the primary link is

R(II)
r,s =

BT0
2

log2

(
1 + γ(II)r,s

)
, (7)

where γ(II)r,s = ρ|h0|2.
We can see that Pe, R(I)

r,s , and R
(I)
r,c all involve the same

channel coefficient h1. This introduces coupling between the
OPs of the primary and backscatter links, which would not
be present if the energy-causality constraint at BD is not
considered.

B. The Second Time Slot

In the second time slot, R re-encodes the decoded signals
and sends them to D with transmit power Pt. Here we use
ŝ (i) and ĉ (i) to denote re-encoded signals of the PU and the
BD, respectively, and both them follow CN (0, 1). Depending
on whether BD is activated or not and whether R successfully
decodes s (n) and c (k) or not, the signal received by D can
be one of the following three cases.

Case 1: If R fails to decode the PU’s signal, R will not
forward any signal to D due to the SIC order given in the
previous subsection. In this case, the SNRs for decoding ŝ (i)
and ĉ (i) all equal zero and both the primary and backscatter
links are in outage.

Case 2: If Pe ≥ Pc and R successfully decodes s (i) only,
or if Pe < Pc and s (i) is successfully decoded by R, then the
received signal at D can be expressed as

y
(2)
d (i) =

√
Pth3ŝ (i) + zd (i) , (8)

where zd (i) ∼ CN
(
0, σ2

)
denotes the AWGN at D. Then,

the throughput (bit) of the primary link, in the second hop, is

R
(2)
d,s =

BT0
2

log2

(
1 + γ

(2)
d,s

)
. (9)

In this case, the SNRs for decoding ŝ (i) and ĉ (i) are γ(2)d,s =

ρ|h3|2 and zero, respectively. Therefore, the PU’s signal may
be decoded at D while the backscatter link experiences outage.

Case 3: If Pe ≥ Pc and R successfully decodes both the
PU’s signal and the BD’s signal, then R will forward the
signals ŝ (i) and ĉ (i) to D. In this case, we propose three
forwarding schemes at R, i.e., OMA scheme, NOMA with
static PA scheme, and NOMA with dynamic PA scheme.

1) OMA Scheme: In this scheme, the second time slot is
further divided into two equal sub-time slots, which are used
by R to transmit the signals of PU and BD respectively. In the
first and second sub-time slots, the signals received by D can
be, respectively, represented as

yOMA
d,s (i) =

√
Pth3ŝ (i) + zd (i) , (10)

yOMA
d,c (i) =

√
Pth3ĉ (i) + zd (i) . (11)

Then, the achievable throughput (bit) for the primary and
backscatter links can be respectively expressed as

ROMA
d,s =

BT0
4

log2
(
1 + γOMA

d,s

)
, (12)

ROMA
d,c =

BT0
4

log2
(
1 + γOMA

d,c

)
, (13)

where γOMA
d,s ρ|h3|2 and γOMA

d,c = ρ|h3|2 are the SNRs for
decoding ŝ (i) and ĉ (i), respectively.

2) NOMA with Static PA Scheme: In this scheme, R trans-
mits the composite signal

√
aST1 ŝ (i) +

√
aST2 ĉ (i) to D via

NOMA 6, where aST1 and aST2 are the nonnegative static PA
factors and satisfy aST1 + aST2 = 1. Here, the superscript ‘ST’
stands for ‘static’, and aST1 and aST2 keep constant7 for all
transmission blocks. Accordingly, the signal received at D is

ySTd (i) =
√
Pth3

(√
aST1 ŝ (i) +

√
aST2 ĉ (i)

)
+ zd (i) . (14)

Upon receiving ySTd (i), D first decodes ŝ (i) by treating ĉ (i)
as interference, and then detects ĉ (i) by using SIC technique
[34]. Assuming perfect SIC, the achievable throughput (bit) of
the primary link and the backscatter link, in the second hop,
can be written as, respectively,

RST
d,s =

BT0
2

log2
(
1 + γSTd,s

)
, (15)

RST
d,c =

BT0
2

log2
(
1 + γSTd,c

)
, (16)

where γSTd,s =
Pta

ST
1 |h3|2

PtaST2 |h3|2+σ2 and γSTd,c = ρaST2 |h3|
2 are the

SINR/SNR for decoding ŝ (i) and ĉ (i), respectively.

6Although such an approach is similar to rate splitting (RS), there exists a
difference. In RS, it is crucial to design an RS coefficient, which should be
adaptively adjusted according to wireless channel conditions and determines
the target throughput of ŝ (i) and ĉ (i) [33]. However, in this work, the target
throughput of ŝ (i) and ĉ (i) is fixed at R1 and R2, respectively, and hence
RS is not suitable.

7The values of aST1 and aST2 can be determined empirically or analytically,
e.g., based on the PU and BD’s OPs that will be derived as a function of aST1
and aST2 in the following sections.



3) NOMA with Dynamic PA Scheme: In this scheme, R
transmits the composite signal

√
aDY
1 ŝ (i) +

√
aDY
2 ĉ (i) to D,

where aDY
1 and aDY

2 are the nonnegative dynamic PA factors
with the superscript ‘DY’ denoting ‘dynamic’, aDY

1 + aDY
2 =

1, and both aDY
1 and aDY

2 vary with the change of channel
coefficient of h3. The signal received by D can be written as

yDY
d (i)=

√
Pth3

(√
aDY
1 ŝ (i) +

√
aDY
2 ĉ (i)

)
+zd (i) . (17)

Then, following the same SIC order as adopted in the
NOMA with static PA scheme, the achievable throughput (bit)
of the primary and backscatter links can be expressed as,
respectively,

RDY
d,s =

BT0
2

log2
(
1 + γDY

d,s

)
, (18)

RDY
d,c =

BT0
2

log2
(
1 + γDY

d,c

)
, (19)

where γDY
d,s =

Pta
DY
1 |h3|2

PtaDY
2 |h3|2+σ2 and γDY

d,c = ρaDY
2 |h3|

2 are the
SINR/SNR for decoding ŝ (i) and ĉ (i), respectively.

In the NOMA with dynamic PA scheme, the dynamic PA
factors are optimized to minimize BD’s OP while ensuring
that the PU’s OP does not fall below that of the case of
R forwarding only PU’s signal to D. To obtain the optimal
dynamic PA factors, we provide the following Lemmas.

Lemma 1. If |h3|2 ≥ γ1+γ2+γ1γ2
ρ , then the optimal

aDY
1 , denoted by aDY∗

1 , can be any value in the interval[
Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
, 1− γ2σ

2

Pt|h3|2

]
, and the optimal aDY

2 , denoted

by aDY∗
2 , is given by aDY∗

2 = 1−aDY∗
1 , where γ1 = 2

2R1
BT0 −1

and γ2 = 2
2LR2
BT0 − 1 represent the minimum signal-to-

interference-plus-noise ratio (SINR) required for decoding the
PU and BD’s signals, respectively, and D can successfully
decode the information of both PU and BD. If |h3|2 <
γ1+γ2+γ1γ2

ρ , then we have aDY∗
1 = 1 and aDY∗

2 = 0, i.e.,
R forwards only the PU’s signal to D and the backscattered
link is in outage.

Proof. Please refer to Appendix A. �
Remark 2: Lemma 1 highlights the following three proper-

ties of the NOMA with dynamic PA scheme. First, whether
or not R forwards the BD’s signal depends on h3 and
the target throughput of both PU and BD. Specifically, if
|h3|2 ≥ γ1+γ2+γ1γ2

ρ , then R forwards both PU and BD’s
signals to D and the outage performance of the R → D link
under the NOMA with optimal dynamic PA is the same as
that of the scenario where only PU’s signal is forwarded. If
|h3|2 < γ1+γ2+γ1γ2

ρ , allowing R to forward BD’s signal not
only leads to an outage event of the backscatter link, but also
degrades the PU’s outage performance. In such a case, the
optimal choice for R is to forward only PU’s signal. Second,
in the relay-assisted MBC, under the NOMA with optimal
dynamic PA, the backscatter link enhances the PU’s outage
performance due to the following two reasons. In the first
time slot, the BD → R link increases the throughput of the
PU→ R link, decreasing the probability that R fails to decode

PU’s signal. While in the second time slot, the dynamic PA
can ensure that the PU’s outage performance is maintained the
same as in the scenario where only PU’s signal is forwarded.
Third, a higher target throughput of the BD increases the
probability that the BD’s signal is not forwarded by R, thus
degrading the BD’s outage performance. This issue can be
alleviated by positioning R relatively closer to D such that the
probability of satisfying |h3|2 ≥ γ1+γ2+γ1γ2

ρ increases while
maintaining sufficiently good h0, h1, and h2 for R to decode
signals of both PU and BD..

For |h3|2 < γ1+γ2+γ1γ2
ρ , the PU’s outage performance in the

second time slot under the NOMA with dynamic PA scheme
is summarized by Lemma 1.

Lemma 2. For γ1
ρ ≤ |h3|

2
< γ1+γ2+γ1γ2

ρ , R forwards only
the PU’s signal to D with aDY∗

1 = 1 and D can successfully
decode the re-encoded PU’s signal ŝ (i). However, for |h3|2 <
γ1
ρ , R does not forward the PU’s signal to D because D will

not be able to decode the PU’s signal. In this case, R keeps
silent8 and we have aDY∗

1 = aDY∗
2 = 0.

Proof. If |h3|2 < γ1+γ2+γ1γ2
ρ , R only forwards the PU’s

signal. In this case, to ensure the success of decoding ŝ (i),
RDY

d,s = BT0

2 log2

(
1 + Pt|h3|2

σ2

)
≥ R1 should be satisfied.

Thus, ŝ (i) can be successfully decoded by D if and only if
ρ|h3|2 ≥ γ1 is satisfied. The proof is complete. �

Based on Lemmas 1 and 2, the optimal aDY
1 and aDY

2 can
be summarized below:

aDY∗
1 ∈

[
Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
, 1− γ2σ

2

Pt|h3|2

]
,

and aDY∗
2 = 1− aDY∗

1 , if |h3|2 ≥ γ1+γ2+γ1γ2
ρ

aDY∗
1 = 1, aDY∗

2 = 0, if γ1ρ ≤ |h3|
2
< γ1+γ2+γ1γ2

ρ

aDY∗
1 = aDY∗

2 = 0, if |h3|2 < γ1
ρ

.

(20)

III. OUTAGE ANALYSIS FOR PRIMARY LINK

In this section, we derive the OP and diversity gain of
the primary link under the three proposed relay forwarding
schemes.

A. OMA Scheme

An outage event occurs when the throughput of either hop
falls below the target. Thus, the primary link’s OP is written

8We note that allowing R to forward BD’s signal only when γ2
ρ
≤ |h3|2 <

γ1
ρ

can further reduce the BD’s OP. This consideration is not allowed in the
current system because D adopts a fixed SIC order in the second time slot,
where the PU’s and BD’s signals are decoded sequentially. If it is allowed
in the NOMA with dynamic PA scheme, then the first decoded signal at D
will be from BD when γ2

ρ
≤ |h3|2 < γ1

ρ
, whereas it will be from PU when

|h3|2 ≥ γ1
ρ

. Thus, for D to know whether the first decoded signal is from
PU or BD, R would need to inform D accordingly in each second time slot,
which introduces additional overhead.



as

POMA
p,out =1− Pr

(
Pe ≥ Pc, R

(I)
r,s≥R1, R

(I)
r,c≥R2, R

OMA
d,s ≥R1

)
− Pr

(
Pe≥Pc, R

(I)
r,s≥R1, R

(I)
r,c<R2, R

(2)
d,s≥R1

)
− Pr

(
Pe<Pc, R

(II)
r,s ≥R1, R

(2)
d,s≥R1

)
(a)

≥ 1−Pr
(
Pe≥Pc, γ

(I)
r,s ≥γ1, γ(I)r,c≥γ2

)
︸ ︷︷ ︸

POMA
p,1

Pr
(
γOMA
d,s ≥γOMA

1

)︸ ︷︷ ︸
POMA

p,2

−Pr
(
Pe≥Pc, γ

(I)
r,s ≥γ1, γ(I)r,c < γ2

)
︸ ︷︷ ︸

POMA
p,3

Pr
(
γ
(2)
d,s ≥γ1

)
︸ ︷︷ ︸

POMA
p,4

−Pr
(
Pe<Pc, γ

(II)
r,s ≥γ1

)
︸ ︷︷ ︸

POMA
p,5

POMA
p,4 . (21)

In (21), γOMA
1 = 2

4R1
BT0 − 1, step (a) is obtained

by applying Jensen’s Inequality, which is tight since
there is no co-channel interference and the input SNR
is high., i.e., Ec(k)

[
log2

(
1 + ρ

∣∣h0 +√βc (k)h1h2∣∣2)] ≤
log2

(
1 + ρEc(k)

∣∣h0 +√βc (k)h1h2∣∣2) = log2

(
1 + γ

(I)
r,s

)
,

where γ(I)r,s = ρ
(
|h0|2 + β|h1|2|h2|2

)
, and the equality holds

due to Ec(k)
[√
βc (k)h0h1h2

]
= 0 in one transmission

block. It can be observed from (21) that Pe, R(I)
r,s , and R

(I)
r,c

involves the channel coefficient from PU to BD h1. This
introduces extra coupling in POMA

p,1 and POMA
p,3 compared to

that without considering the energy-causality constraint. The
same observation also exists in deriving OP of the backscatter
link.

In what follows, we derive POMA
p,1 , POMA

p,2 , POMA
p,3 , POMA

p,4

and POMA
p,5 in closed forms.

1) Derivation of POMA
p,1 and POMA

p,3 : The approximations
of POMA

p,1 and POMA
p,3 are summarized below.

Proposition 1. POMA
p,1 can be approximated by (22), as

shown at the top of the next page, where b1 = φ
(1−β)Pt

,
b2 = γ1ρ

−1, b3 = γ2
ρβL , b4 = b2 − βb3, b5 =

βλ1λ0e
−λ0b2 , b6 = βφλ0

βφλ0−λ2(1−β)Pt
, dm = b3(cm+1)

2b1
, θm =

π−2 arctan b1
4 cos

(
2m−1
2M π

)
+ π+2 arctan b1

4 , cm = cos
(
2m−1
2M π

)
,

w = π
M , and M is a complexity-accuracy tradeoff parameter.

Proof. Please refer to Appendix B. �
Proposition 2. POMA

p,3 can be approximated as (24), as
shown at the top of the next page, where gm = λ0− λ2(cm+1)

2βb1
,

um = b3(cm+1)
2b1

, rm = b3(cm+1)
2b1

.
Proof. Please refer to Appendix C. �
2) Derivation of POMA

p,2 : Substituting γOMA
d,s = ρ|h3|2 into

POMA
p,2 , we have

POMA
p,2 = Pr

(
ρ|h3|2 ≥ γOMA

1

)
=

∫ ∞
γOMA
1 ρ−1

f|h3|2 (x) dx = e−λ3γ
OMA
1 ρ−1

. (23)

3) Derivation of POMA
p,4 : Since γ(2)d,s = ρ|h3|2, POMA

p,4 can
be calculated as

POMA
p,4 = Pr

(
ρ|h3|2 ≥ γ1

)
=

∫ ∞
γ1ρ−1

f|h3|2 (x) dx = e−λ3γ1ρ
−1

. (25)

4) Derivation of POMA
p,5 : Since |h0|2 and |h1|2 are inde-

pendent random variables, POMA
p,5 is calculated as

POMA
p,5 = Pr

(
|h1|2 < b1, |h0|2 ≥ b2

)
=

∫ b1

0

∫ ∞
b2

f|h0|2 (x) f|h1|2 (y)dxdy

= e−λ0b2
(
1− e−λ1b1

)
. (26)

Substituting (22)-(26) into (21), the primary link’s OP can
be obtained as

POMA
p,out '1−POMA

p,1 POMA
p,2 −POMA

p,4

(
POMA
p,3 +POMA

p,5

)
. (27)

B. NOMA with Static PA Scheme

Similar to (21), after applying Jason’s inequality, the prima-
ry link’s OP under the NOMA with static PA scheme can be
expressed as

P ST
p,out≥1−Pr

(
Pe≥Pc, γ

(I)
r,s ≥ γ1, γ(I)r,c ≥ γ2

)
︸ ︷︷ ︸

PST
p,1

Pr
(
γSTd,s ≥ γ1

)︸ ︷︷ ︸
PST

p,2

−Pr
(
Pe ≥ Pc, γ

(I)
r,s ≥ γ1, γ(I)r,c<γ2

)
︸ ︷︷ ︸

PST
p,3

Pr
(
γ
(2)
d,s ≥ γ1

)
︸ ︷︷ ︸

PST
p,4

− Pr
(
Pe < Pc, γ

(II)
r,s ≥ γ1

)
︸ ︷︷ ︸

PST
p,5

P ST
p,4 , (28)

Comparing (28) with (21), we find that P ST
p,1 = POMA

p,1 ,
P ST
p,3 = POMA

p,3 , P ST
p,4 = POMA

p,4 and P ST
p,5 = POMA

p,5 . Therefore,
we only need to derive P ST

p,2 as follows,

P ST
p,2 = Pr

(
ρaST1 |h3|

2

ρaST2 |h3|
2
+ 1
≥ γ1

)

=

∫ ∞
γ1

ρaST1 −ρaST2 γ1

f|h3|2 (x) dx = e
− λ3γ1
ρaST1 −ρaST2 γ1 , (29)

where the second equality holds from aST1 > aST2 γ1. Please
note that P ST

p,2 = 1 holds for aST1 ≤ aST2 γ1. This indicates that
for the NOMA with static PA, the aST1 > aST2 γ1 should be
satisfied.

Then, the closed-form expression for the primary link’s OP
under the NOMA with static PA scheme can be obtained as

P ST
p,out ' 1− POMA

p,1 P ST
p,2 − POMA

p,4

(
POMA
p,3 + POMA

p,5

)
. (30)



POMA
p,1 =

1

4
βλ1λ0e

−λ0b2 (π − 2 arctan b1)

M∑
m=1

w
√
1− c2m

tan θmsec2θme
−λ1 tan θm

βλ0 tan θm − λ2

(
e(λ0− λ2

β tan θm
)b2 − e(λ0− λ2

β tan θm
) γ2ρL
)

+b6e
−λ1b1

(
e

(
λ0− λ2

b1β

)
γ2
ρL−λ0b2 − eb4

(
λ2
b1β
−λ0

)
−λ2b2b1β

)
+
λ2b3
2b1

e−λ0b4

M∑
m=1

w
√

1−c2me
−λ2dm−λ1b3dm +e−λ1b1−λ3b3b1

−λ0b4 . (22)

POMA
p,3 =

λ0λ2
2βb1

e−λ0b2

M∑
m=1

w
√

1− c2me
− 2λ1b1

(1+cm)

(
eβb3gm

(
βb3
gm
− 1

g2m

)
+

1

g2m

)
+ λ2e

−λ0b2
e−λ1b1

λ0βb1 − λ2

(
e(λ0βb1−λ2)

b3
b1 − 1

)
− λ2b3e

−λ0b2

2b1

M∑
m=1

w
√
1− c2m

(
e−λ2um−λ1

b3
um

(
eβλ0b3 − eβλ0b1um

)
+ eλ0βb1rm−λ2rm−λ1

b3
rm

)
. (24)

C. NOMA with Dynamic PA Scheme
In this scheme, D can successfully decode the PU’s signal

forwarded by R for |h3|2 ≥ γ1
ρ ; otherwise, the primary link

experiences an outage. Therefore, the OP of the primary link
under this scheme can be written as

PDY
p,out≥1−Pr

(
Pe≥Pc, γ

(I)
r,s ≥γ1, γ(I)r,c≥γ2

)
︸ ︷︷ ︸

PDY
p,1

Pr

(
|h3|2≥

γ1
ρ

)
︸ ︷︷ ︸

PDY
p,2

−Pr
(
Pe ≥ Pc, γ

(I)
r,s ≥γ1, γ(I)r,c<γ2

)
︸ ︷︷ ︸

PDY
p,3

Pr
(
γ
(2)
d,s ≥ γ1

)
︸ ︷︷ ︸

PDY
p,4

− Pr
(
Pe < Pc, γ

(II)
r,s ≥ γ1

)
︸ ︷︷ ︸

PDY
p,5

PDY
p,4 . (31)

Comparing (31) with (21), it is found that PDY
p,1 = POMA

p,1 ,
PDY
p,2 = POMA

p,4 , PDY
p,3 = POMA

p,3 , PDY
p,4 = POMA

p,4 and PDY
p,5 =

POMA
p,5 . Therefore, the closed-form expression for the primary

link’s OP in this forwarding scheme is given by

PDY
p,out ' 1− POMA

p,4

(
POMA
p,1 + POMA

p,3 + POMA
p,5

)
. (32)

D. Diversity Order
Based on the obtained expressions of the primary link’s OP

under the three forwarding schemes, we proceed to derive the
diversity orders of the primary link. The diversity order [35]
is defined as

d = − lim
ρ→∞

lg (Pout)

lg (ρ)
, (33)

where Pout is the OP.
When ρ → ∞, POMA

p,out , P ST
p,out and PDY

p,out depend on

Q22 = e

(
−λ1b1−λ2b3b1

−λ0b4
)

, as shown in (B.2). Since Q22 ∝
e−

1
ρ as ρ→∞, POMA

p,out , P ST
p,out and PDY

p,out ∝ 1 − e−
1
ρ ,

where ∝ denotes being proportional to a certain quantity.
Accordingly, the diversity orders of the primary link under
the three forwarding schemes can be calculated as

dOMA
p = dSTp = dDY

p = − lim
ρ→∞

lg
(
1− e−

1
ρ

)
lg (ρ)

= 1. (34)

Remark 3: Under the three forwarding schemes, the prima-
ry link achieves the same diversity order but the achievable
outage performance varies. Particularly, by comparing (32)
with (30) and (27), it is not hard to verify that PDY

p,out <
P ST
p,out and PDY

p,out < POMA
p,out due to POMA

p,4 > P ST
p,2 and

POMA
p,4 > POMA

p,2 . That is, NOMA with dynamic PA achieves
the best outage performance of the PU among three forwarding
schemes.

IV. OUTAGE ANALYSIS FOR BACKSCATTER LINK

The BD’s signal c (k) can be successfully decoded by D
when the following three conditions are satisfied: 1) the BD
is activated; 2) R can decode both PU and BD’s signals; 3) D
can decode both PU’s and BD’s signal. Accordingly, we derive
the BD’s OP under the proposed three forwarding schemes in
the following.

A. OMA Scheme

In the OMA scheme, the backscatter link’s OP is written as

POMA
b,out =1−Pr

(
Pe≥Pc, R

(I)
r,s≥R1, R

(I)
r,c≥ R,ROMA

d,c ≥ R2

)
= 1− Pr

(
Pe ≥ Pc, γ

(I)
r,s ≥ γ1, γ(I)r,c ≥ γ2

)
︸ ︷︷ ︸

POMA
b,1

× Pr
(
γOMA
d,c ≥ γOMA

2

)︸ ︷︷ ︸
POMA

b,2

, (35)

where γOMA
2 = 2

4R2
BT0 − 1.

By comparing (35) with (21), we find that POMA
b,1 = POMA

p,1 .
Thus, we only need to calculate POMA

b,2 . By substituting
γOMA
d,c = ρ|h3|2 into POMA

b,2 , we have

POMA
b,2 = Pr

(
|h3|2 ≥ ρ−1γOMA

2

)
=

∫ ∞
ρ−1γOMA

2

f|h3|2 (x) dx = e−λ3ρ
−1γOMA

2 . (36)



B. NOMA with Static PA Scheme

In the NOMA with static PA scheme, the OP of the
backscatter link is expressed as

P ST
b,out = 1− Pr

(
Pe ≥ Pc, γ

(I)
r,s ≥ γ1, γ(I)r,c ≥ γ2

)
︸ ︷︷ ︸

PST
b,1

× Pr
(
γSTd,s ≥ γ1, γSTd,c ≥ γNOMA

2

)︸ ︷︷ ︸
PST

b,2

, (37)

where γNOMA
2 = 2

2R2
BT0 − 1. Similar to the OMA scheme, it

can be found that P ST
b,1 = POMA

p,1 , and thus we only need to

calculate P ST
b,2 . Based on γSTd,s =

Pta
ST
1 |h3|2

PtaST
2 |h3|2+σ2 and γSTd,c =

ρaST2 |h3|
2, we have

P ST
b,2 = Pr

(
|h3|2 ≥

γ1

ρ
(
aST1 − aST2 γ1

) , |h3|2 ≥ γNOMA
2

ρaST2

)

=

∫ ∞
aST

f|h3|2 (x) dx = e−aSTλ3 , (38)

where aST = max

(
γ1

ρ(aST
1 −aST

2 γ1)
,
γNOMA
2

ρaST
2

)
.

C. NOMA with Dynamic PA Scheme

In the NOMA with dynamic PA scheme, the BD’s signal
can be successfully decoded by D if and only if R successfully
decodes signals s (n) and c (k), and |h3|2 ≥ γ1+γ2+γ1γ2

ρ .
Therefore, the OP expression for the backscatter link can be
written as

PDY
b,out = 1− Pr

(
Pe ≥ Pc, γ

(I)
r,s ≥ γ1, γ(I)r,c ≥ γ2

)
︸ ︷︷ ︸

PDY
b,1

× Pr

(
|h3|2 ≥

γ1 + γ2 + γ1γ2
ρ

)
︸ ︷︷ ︸

PDY
b,2

, (39)

where P ST
b,1 = POMA

p,1 , and PDY
b,2 can be calculated as

PDY
b,2 = Pr

(
|h3|2 ≥

γ1 + γ2 + γ1γ2
ρ

)
= e−λ3

γ1+γ2+γ1γ2
ρ . (40)

Remark 4: By comparing (40) with (36), it is not hard to
verify that POMA

b,2 > PDY
b,2 . Based on this observation and both

equations (39) and (35), we have POMA
b,out < PDY

b,out. This can be
explained as follows. In the relay-assisted MBC network, there
exists a tradeoff between PU and BD in terms of OP during
the second time slot. The NOMA with dynamic PA prioritizes
safeguarding the PU’s outage performance over minimizing
the BD’s OP in a best-effort manner, while the OMA puts the
PU and BD signals on an equal footing.
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D. Diversity Order

When ρ → ∞, the backscatter link’s OPs under the three
forwarding schemes, i.e., POMA

b,out , P ST
b,out, and PDY

b,out, are all
proportional to 1− e−

1
ρ . Accordingly, the diversity orders of

the backscatter link under the three forwarding schemes can
be computed as

dOMA
b = dSTb = dDY

b = − lim
ρ→∞

lg
(
POMA
p,out

)
lg (ρ)

= − lim
ρ→∞

lg
(
1− e−

1
ρ

)
lg (ρ)

= 1. (41)

V. NUMERICAL RESULTS

This section conducts computer simulations to assess and
compare the outage performance of the proposed network with
traditional decode-and-forward relay communication (referred
to as “traditional relay” in the following figures) and relay-
assisted PBC under energy-causality constraints. In the tra-
ditional relay, there are only three nodes, i.e., PU, R and
D, where PU communicates with D through a decode-and-
forward R. In the relay-assisted PBC, PU, BD, and R form a
PBC in the first time slot, with the transmission following the
structure of our proposed network in the second time slot.
Unless otherwise specified, we adopt the following system
parameters in simulations: M = 20, v = 2.7, L = 128,
σ2 = −130 dBm, β = 0.4, aST1 = 0.9, aST2 = 0.1,
R1

B = 2 bit/Hz, and R2

B = 0.01 bit/Hz, d0 = 100m,
d1 = 5m, d2 = 95m, and d3 = 80m. Besides, we adopt
the identical nonlinear EH model and all the parameters as
detailed in [8], and its harvested power under different PRC
can be found in Fig. 3.

Fig. 4 shows the OP of the primary link versus the distance
d0 between PU and R under each scheme. It can be seen
that the theoretical curves of the primary link OP under the
OMA scheme, static PA scheme and dynamic PA scheme
based on (21), (28) and (31) match well with simulation results
those are obtained by over 1× 106 Monte Carlo simulations.
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This observation demonstrates the accuracy of the derivation
of the primary link OPs even at a small value of M , i.e.,
M = 20. It can also be seen that the dynamic PA scheme
achieves the lowest OP while the OP under the OMA scheme
is the highest, as expected in Remark 3. Additionally, other
observations are drawn as follows: 1) Through comparison
between our considered network and the traditional relay, it is
found that the mutualistic relationship9 between PU and BD in
both OMA and static PA schemes is affected by distance d0.
Specifically, when R is close to PU, BD’s access degrades PU’s
performance, indicating a lack of mutualism, i.e., the access
of BD improves the PU’s outage performance. Conversely,
when R is distant from PU, BD’s access enhances PU’s outage
performance, establishing mutualism between them. However,
the dynamic PA scheme ensures that PU continues to benefit
during BD access10, maintaining the mutualistic relationship
regardless of changes in the distance d0. Accordingly, the
OMA and the NOMA with static PA may not ensure that the
access of BD improves the PU’s outage performance, while
it can be guaranteed by the NOMA with dynamic PA. This
observation is caused by the interference control strategies
employed in forwarding schemes. In the NOMA with dynamic
PA scheme, the transmission of PU’s signal takes precedence
over that of BD’s signal in the second time slot, indicating
that forwarding the BD’s signal will not degrade the outage
performance of the PU’s signal in the second time slot. How-
ever, the NOMA with static PA scheme and the OMA scheme
do not ensure the priority to forward PU’s signal, leading to a
performance degradation in the second slot. Accordingly, the
backscatter link may not improve the primary link’s outage
performance. 2) As d0 increases, the OP of the primary link
under each scheme shows a tendency of decreasing and then

9The mutualistic relationship indicates that BD shares the spectrum and
energy resources with PU, while boosting the outage performance of PU. In
our considered relay-assisted MBC network, BD always shares the spectrum
and energy resources with PU, thus the mutualistic relationship depends on
whether allowing BD to share spectrum and energy sources boosts PU’s outage
performance or not

10The detailed reasons can be found in Remark 2.
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Fig. 5. OP of the backscatter link versus the PU-to-R distance d0.

increasing, indicating that there exists an optimal R location.
The optimal distances d0 under the dynamic PA scheme, the
static PA scheme, and the OMA scheme are in ascending order.

Fig. 5 shows the OPs of the backscatter link versus the
distance d0 for the three forwarding schemes. One observa-
tion is that the OPs under the OMA scheme, the static PA
scheme, and the dynamic PA scheme, which are calculated
by (35), (37), and (39) respectively, align perfectly with the
Monte Carlo simulation results. Besides, we also observe that
the OMA achieves the best outage performance, which is
consistent with Remark 4. Another observation is that with
the increase of d0, the OPs of the backscatter link under the
three schemes follow a decreasing-then-increasing trend. This
indicates an optimal distance d0 exists for each scheme. It is
notable that R’s location that minimizes the backscatter link’s
OP in the OMA scheme is very close to the PU compared to
the other two schemes and the reason is summarized below.
When in the OMA scheme, BD utilizes significantly more
communication resources in the second time slot than in the
other two schemes, while the BD’s throughput is much smaller
than that of PU, leading to inefficient resource utilization.
Consequently, the outage performance of the backscatter link
is primarily influenced by the OP of BD’s signals during
the first time slot. As R moves closer to the PU, the OP of
BD’s signals during the first time slot decreases significantly.
Comparing the observation in Fig. 5 with that of Fig. 4, we
find that the location of R to minimize the PU’s OP is different
from that to minimize the BD’s OP. This suggests a tradeoff
between BD’s OP and PU’s OP in optimizing R’s location.

Fig. 6 illustrates the impact of transmit power on the OP
of the primary link, considering the following five schemes,
i.e., the OMA scheme, the static PA scheme, and the dynamic
PA scheme in the MBC, as well as the traditional relay
network and the relay-assisted PBC network with the static PA
scheme. As depicted in this figure, we can see that the slope
of the OP curves for the three proposed forwarding schemes
approaches 1 as the transmit power increases, validating the
theoretical derivation based on (34) regarding the diversity
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gain of the primary link. In the relay-assisted PBC, when the
transmit power is sufficiently large, the OP of the primary link
saturates, i.e., the diversity gain is 0. This suggests that the
outage performance of the primary link in the our considered
network is better than that of the relay-assisted PBC network.
According to Fig. 4, BD and PU establish a mutualistic
relationship under the static PA scheme when d0 > 90 m.
Therefore, the outage performance of the primary link under
both the dynamic PA scheme and the static PA scheme is
superior to that of traditional relay network as BD’s access
can enhance PU performance.

Fig. 7 plots the backscatter link’s OP as a function of
transmit power under the three proposed forwarding schemes
and the relay-assisted PBC network with the static PA scheme.
It can be seen that the diversity order of the backscatter links
for the OMA scheme, the static PA scheme, and the dynamic
PA scheme in the MBC equals indeed one, which validates our
theoretical analysis, while in the relay-assisted PBC, there is an
error floor that leads to zero diversity order. This confirms the
advantage of our considered network over the relay-assisted
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PBC network.
Fig. 8 illustrates the OPs for the primary link versus the

PRC of BD at different transmit powers, i.e., Pt = 8dBm
and Pt = 10dBm. We can see that when R adopts the OMA
forwarding scheme, the OP of the primary link shows a trend
of increasing and then decreasing with the PRC of the BD,
which indicates that there is a PRC that leads to the worst
outage performance of the primary link. The reason for this
phenomenon is that under this network parameter setting, with
a small value of β, the access of BD enhances the PU’s
throughput in the first phase but BD’s signal is highly unlikely
to be decoded by R. This allows R only forwarding’s PU’s
signal and thus the PU’s outage performance is enhanced.
However, when β exceeds a certain vale, the probability that
BD’s signal is decoded at R increases, and in this case, R
should allocate resource to forward BD’s signal and this will
degrade the PU’s outage performance. Another observation is
that with the increase of β, the OPs of the static PA scheme and
the dynamic PA scheme show a tendency of decreasing and
then increasing, thus the PRCs that make the best performance
of the primary link outage performance exist in each of these
two forwarding schemes. Additionally, the optimal PRC of
the dynamic PA scheme is smaller than that of the static
PA scheme. The reasons are summarized below. Since the
energy-causality constraint is considered at BD, a large β
leads to a high probability that BD is inactivated. This may
contribute to the PU’s outage performance of the static PA
scheme where if the BD’s signal is forwarded by R, the PU’s
outage performance degrades. However, this will not happen in
the dynamic PA scheme since it strictly keeping PU’s OP same
as the scenario with only PUs signal being forwarded by R.
Due to the above reasons, the optimal PRC under the dynamic
PA scheme is smaller than that of the static PA scheme.

Fig. 9 displays the OPs for the backscatter link as a function
of BD’s PRC at Pt = 8dBm and Pt = 10dBm, respectively.
It can be seen the OP of the backscatter link in all three
forwarding schemes decreases and then increases with the
PRC of BD. That is to say, there exists an optimal PRC
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that maximizes the performance of the backscatter link. It can
also be seen that if for minimizing BD’s OP, the optimal β
should increase with the transmit power. Comparing the result
in Fig. 9 with that of Fig. 8, we confirm that the optimal β to
minimize the PU’s OP differs from that to minimize the BD’s
OP. This suggests a tradeoff between BD’s OP and PU’s OP
in optimizing β.

Finally, we evaluate the total spectrum efficiency (SE) of
both primary and backscatter links in Fig. 10. The total SE
is calculated as R1

B (1−OP of the primary link) + R2

B

(
1 −

OP of the backscatter link
)
. One observation is that

the NOMA with dynamic PA scheme achieves the highest
SE among these schemes. This is because the NOMA with
dynamic PA yields the lowest primary link’s OP among these
schemes, as verified in Fig. 4. Although the backscatter link’s
OP of the NOMA with dynamic PA is not the lowest, as shown
in Fig. 5, the required BD’s throughput is much smaller than
that of PU. Another observation is that an optimal R location
exists to maximize the total SE and the optimal R location for
maximizing the total SE almost equals that for minimizing the

OP of the primary link.

VI. CONCLUSION

In this paper, we have proposed and investigated a relay-
assisted MBC network in terms of OP under energy-causality
constraint and three proposed forwarding strategies. The
closed-form OP expressions under three schemes for the pri-
mary and backscatter links and their diversity orders have been
derived. Computer simulations have verified our theoretical
analysis. We have also obtained insights into the relay-assisted
BC network. First, in the relay-assisted MBC, the backscatter
link may not enhance the PU’s outage performance, which
is different from the traditional MBC with existing direct
links between PU/BD and D. Second, in the proposed three
forwarding strategies, only the NOMA with dynamic PA
can ensure that the access of BD enhances the PU’s outage
performance. Third, the optimal values of the BD’s PRC and
R’s location that minimize the PU’s OP are different from
those that minimize the BD’s OP. This indicates that the setting
of BD’s PRC and R’s location in relay-assisted MBC requires
the consideration of the tradeoff between BD’s OP and PU’s
OP.

APPENDIX A

To successfully decode ŝ (i) and ĉ (i) at D, the following
two inequalities should be satisfied, i.e.,

RDY
d,s ≥ R1, (A.1)

RDY
d,c ≥ R2. (A.2)

By substituting γDY
d,s =

Pta
DY
1 |h3|2

PtaDY
2 |h3|2+σ2 and aDY

2 = 1− aDY
1

into (A.1) and performing simple mathematical operations, it
can be concluded that to ensure the success of decoding ŝ (i),
aDY
1 should meet

aDY
1 ≥ Ptγ1|h3|2 + γ1σ

2

Pt|h3|2 + Ptγ1|h3|2
, (A.3)

where γ1 = 2
2R1
BT0 − 1.

Similarly, by substituting γDY
d,c = ρaDY

2 |h3|
2 and aDY

2 =

1−aDY
1 into (A.2), for successfully decoding ĉ (i), aDY

1 should
satisfy

aDY
1 ≤ 1− γ2σ

2

Pt|h3|2
, (A.4)

where γ2 = 2
2LR2
BT0 − 1.

Based on (A.3) and (A.4), we conclude that if
Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
≤ aDY

1 ≤ 1 − γ2σ
2

Pt|h3|2
holds, both ŝ (i)

and ĉ (i) can be successfully decoded by D. To ensure
Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
≤ 1− γ2σ

2

Pt|h3|2
, |h3|2 ≥ γ1+γ2+γ1γ2

ρ should be

satisfied. Therefore, in the case of |h3|2 ≥ γ1+γ2+γ1γ2
ρ , if aDY

1

takes any value in the interval
[
Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
, 1− γ2σ

2

Pt|h3|2

]
,

D can successfully decode both ŝ (i) and ĉ (i). In the case of
|h3|2 < γ1+γ2+γ1γ2

ρ , it is not hard to verify Ptγ1|h3|2+γ1σ2

Pt|h3|2+Ptγ1|h3|2
>



1 − γ2σ
2

Pt|h3|2
. This means both (A.3) and (A.4) cannot be met

at the same time. Combined with the adopted SIC order at
D, only the PU’s signal is forwarded, leading to an outage
event of the BD’s transmission. In this case, to minimize the
PU’s OP, the optimal aDY

1 and aDY
2 should be set as 1 and 0,

respectively. The proof is complete.

APPENDIX B

According to the value range of |h0|2, POMA
p,1 can be

calculated as

POMA
p,1 = Pr

(
|h1|2 ≥ b1, ρβL|h1|2|h2|2 ≥ γ2,
ρ
(
|h0|2 + β|h1|2|h2|2

)
≥ γ1

)
(a)
= Pr

(
|h1|2 ≥ max

(
b1,

b2 − |h0|2

β|h2|2

)
, |h0|2 < b4

)
︸ ︷︷ ︸

Q1

+ Pr

(
|h1|2 ≥ max

(
b1,

b3

|h2|2

)
, |h0|2 ≥ b4

)
︸ ︷︷ ︸

Q2

, (B.1)

where b1 = φ
(1−β)Pt

, b2 = γ1ρ
−1, b3 = γ2

ρβL , b4 = b2 − βb3,
and step (a) is derived from the total probability formula, i.e.,
b2−|h0|2

β|h2|2
> b3
|h2|2

and b2−|h0|2

β|h2|2
≤ b3
|h2|2

.
To remove the max function in Q1,we have

Q1=Pr

(
|h1|2≥

b2 − |h0|2

β|h2|2
, b1≤

b2 − |h0|2

β|h2|2
, |h0|2<b4

)
︸ ︷︷ ︸

Q11

+ Pr
(
|h1|2 ≥ b1, |h0|2 ≥ b2 − b1β|h2|2, |h0|2 < b4

)
︸ ︷︷ ︸

Q12

.

(B.2)

After some manipulations, Q11 can be calculated as

Q11 = b5

∫ ∞
b1

z

βλ0z − λ2
e−λ1zf (z) dz︸ ︷︷ ︸

Q111

− b6b7e−λ1b1︸ ︷︷ ︸
Q112

,

(B.3)

where b5 = βλ1λ0e
−λ0b2 , f (z)=e(λ0−λ2βz )b2 − e(λ0−λ2βz )

γ2
ρL ,

b6 = βφλ0

βφλ0−λ2(1−β)P , b7 = e−
λ2b2
b1β − e

(
λ0− λ2

b1β

)
γ2
ρL−λ0b2 .

Clearly, Q111 is non-integrable because of e−λ1zf (z)
involved in the integrand. Thus, we use Gauss-Chebyshev
quadrature11 [37] to approximate Q111. Particularly, letting

11For a highly complex integral, there are generally two ways to find a
closed-form expression. One is to use boundaries to compute integrals by
means of inequalities. The other is based on approximations such as the
Gauss-Chebyshev quadrature. Herein, Gauss-Chebyshev quadrature is adopted
because it can provide sufficient accuracy in very few terms. Please note that
Gauss-Chebyshev quadrature has been widely used in evaluating transmission
performance of a wireless communication network (see [8], [25], [26], [36]
for example).

z = tan θ, θ ∈
(
arctan b1,

π
2

)
and using Gauss-Chebyshev

quadrature approximation, Q111 is approximated as

Q111 ≈
1

4
βλ1λ0e

−λ0b2 (π − 2 arctan b1)

×
M∑
m=1

w
√

1− c2m
tan θmsec2θme

−λ1 tan θm

βλ0 tan θm − λ2

×
(
e(λ0− λ2

β tan θm
)b2 − e(λ0− λ2

β tan θm
) γ2ρL
)
, (B.4)

where θm = π−2 arctan b1
4 cos

(
2m−1
2M π

)
+ π+2 arctan b1

4 , cm =
cos
(
2m−1
2M π

)
, w = π

M , and M is a complexity-accuracy
tradeoff parameter.

Then we derive Q12 into the closed form. Due to b2 −
|h0|2 > b3 β > 0, we rewrite Q12 as

Q12=Pr
(
|h1|2≥b1, |h2|2≥

(
b2 − |h0|2

)/
b1β, |h0|2<b4

)
=

∫ ∞
b1

∫ b4

0

∫ ∞
(b2−y)
b1β

f|h2|2 (x) f|h0|2 (y) f|h1|2 (z) dxdydz

=b6e
−λ1b1−λ2b2b1β

(
1− eb4

(
λ2
b1β
−λ0

))
. (B.5)

Similarly, Q2 can be rewritten as

Q2 = Pr

(
|h1|2 ≥

b3

|h2|2
,
b3

|h2|2
≥ b1, |h0|2 ≥ b4

)
︸ ︷︷ ︸

Q21

+ Pr

(
|h1|2 ≥ b1,

b3

|h2|2
< b1, |h0|2 ≥ b4

)
︸ ︷︷ ︸

Q22

= λ2e
−λ0b4

∫ b3
b1

0

e−λ2y−λ1b3y dy︸ ︷︷ ︸
Q21

+ e

(
−λ1b1−λ2b3b1

−λ0b4
)︸ ︷︷ ︸

Q22

.

(B.6)

Using Gauss-Chebyshev quadrature to approximate Q21, we
have

Q21 ≈
λ2b3
2b1

e−λ0b4

M∑
m=1

w
√
1− c2me

−λ2dm−λ1b3dm , (B.7)

where dm = b3(cm+1)
2b1

.

Until now, POMA
p,1 has been derived and the proof is com-

plete.



APPENDIX C

POMA
p,3 can be expressed as

POMA
p,3 = Pr

(
|h1|2 ≥ b1, |h1|2|h2|2 < b3,

|h0|2 + β|h1|2|h2|2 ≥ b2

)
= Pr

(
|h1|2 ≥ b1, |h1|2 <

b3

|h2|2
, |h1|2 ≥

X

β|h2|2

)

=Pr

(
X

β|h2|2
≤|h1|2 <

b3

|h2|2
, |h2|2<

X

βb1
, X<βb3

)
︸ ︷︷ ︸

Q3

+Pr

(
b1≤|h1|2<

b3

|h2|2
, X≤βb1|h2|2, |h2|2 <

b3
b1

)
︸ ︷︷ ︸

Q4

, (C.1)

where X = b2−|h0|2 and its probability density function can

be expressed as fX (x) =

{
λ0e
−λ0(b2−x) , x ≤ b2

0 , x > b2
.

Q3 is equivalent to

Q3 =

∫ βb3

−∞

∫ X
βb1

0

∫ b3
y

x
βy

f|h1|2 (z)f|h2|2 (y) fX (x) dzdydx

=

∫ βb3

0

∫ X
βb1

0

λ2e
−λ2y−λ1

x
βy fX (x) dydx︸ ︷︷ ︸

Q31

−
∫ βb3

0

∫ X
βb1

0

λ2e
−λ2y−λ1

b3
y fX (x) dydx︸ ︷︷ ︸

Q32

. (C.2)

Using Gauss-Chebyshev quadrature and [38, eq. (2.321.2)],
we calculate Q31 as

Q31 ≈
λ0λ2
2βb1

e−λ0b2

M∑
m=1

w
√

1− c2m

× e−λ1
2b1

(cm+1)

(
eβb3gm

(
βb3
gm
− 1

g2m

)
+

1

g2m

)
, (C.3)

where gm = λ0 − λ2(cm+1)
2βb1

.
Q32 is solved in two steps. Specifically, step (a) involves

swapping the order of integration, while step (b) uses Gauss-
Chebyshev quadrature approximation. By doing so, we have

Q32
(a)
= λ0λ2

∫ b3
b1

0

∫ βb3

βb1y

e−λ2y−λ1
b3
y e−λ0(b2−x)dxdy

= λ2e
−λ0b2

∫ b3
b1

0

e−λ2y−λ1
b3
y
(
eβλ0b3 − eβλ0b1y

)
dy

(b)
≈ λ2b3e

−λ0b2

2b1

M∑
m=1

w
√
1− c2m

× e−λ2um−λ1
b3
um

(
eβλ0b3 − eβλ0b1um

)
, (C.4)

where um = b3(cm+1)
2b1

.

Next, we derive Q4 into a closed form.

Q4=

∫ b3
b1

0

∫ b3
z

b1

∫ βb1z

−∞
fX (x) f|h1|2 (y) f|h2|2 (z) dxdydz

= λ2e
−λ0b2

e−λ1b1

λ0βb1 − λ2

(
e(λ0βb1−λ2)

b3
b1 − 1

)
︸ ︷︷ ︸

Q41

− λ2e−λ0b2

∫ b3
b1

0

eλ0βb1z−λ2z−λ1
b3
z dz︸ ︷︷ ︸

Q42

. (C.5)

Using Gauss-Chebyshev quadrature, we can approximate
Q42 as

Q42 ≈
λ2b3e

−λ0b2

2b1

M∑
m=1

w
√

1− c2me
λ0βb1rm−λ2rm−λ1

b3
rm ,

(C.6)

where rm = b3(cm+1)
2b1

.
Substituting (C.3), (C.4), and (C.5) into (C.1), the expres-

sion of POMA
p,3 can be obtained, and the proof is complete.
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