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Abstract—EXxisting 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.

o 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).

o 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 relay' 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.

11t 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.

o 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 schemes?
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.

o 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.

o 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 protocol?
and supports both the primary link (PU—R—D) and the
backscatter link (BD—R—D) with the target throughput R;
and Ry, 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.

31t 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. 1. System model.
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Fig. 2. Frame structure of each time slot in a two-hop relay network.

with a single antenna*. 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 T 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 O,dj_vj , j = 0,1,2,3, respectively, where v;
and d; 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
Aj = d}’j . As shown in Fig. 2, each transmission block T 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 P;, 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 ¢ (k) ~ CA (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 T, is L
times longer than that of s (n), denoted by Ty, i.e., T, = LTy,
where L > 1 is a positive integer, but 7, is much shorter than
To.

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

Pe=f(P) D

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 P, = (1— f3) P;|hy|* is the input power to the EH
circuit, 8 € [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 activated® only when the energy-
causality constraint P, > P, is satisfied, where P, denotes the
BD’s circuit power consumption required for backscattering.
Substituting (1) into P, > P. 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

.0
“0-pR
where ¢ = f~1(P.), and f~!
the nonlinear EH model.

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

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

Case I : If P, > P., BD is activated, then it modulates
its own signal ¢ (k) on the incident signal \/P;hys(n) and
backscatters the modulated signal\/P; Bhic (k) s (n) to R. The
received signal at R can be written as

y D (n) = \/Pihos (n) + /PBhihac (k) s (n) + 2z (n), (3)

where z, (n) ~ CN (O, 0?) denotes the additive white Gaus-
sian noise (AWGN) at R.

In this case, R first decodes s(n) by treating
V/P.Bhihac (k) s(n) as a useful signal since T, > Ty
and then detects c(k) after using the SIC technique to
subtract \/Pihos (n) from the received signal over LTy [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,

BT, 2
R = 2080 flogy (14 sfpo 4 ey me] ) |.
“4)

|ha|? )

(+) is the inverse function of

BT,
R) = —Clog, (1+42), 5)

where p = =% is the input signal-to-noise ratlo (SNR), B is the

bandwidth, p|ho ++/Be (k )h1h2| and fync = pﬁL|h1| \hg\

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

S5This 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 P, < P,, BD does not backscatter signals to R.
Then, the signal received at R is

H) \/Fthos

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

n) + 2z (n). (6)

RO = Plotog, (1440), )

where fyr(,lsl) = plhol’.

We can see that P, RQ , and REI); all involve the same
channel coefficient h;. 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 P;. Here we use
§(2) and € (7) to denote re-encoded signals of the PU and the
BD, respectively, and both them follow CA/ (0, 1). Depending
on whether BD is activated or not and whether R successfully
decodes s (n) and ¢ (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 5 ()
and ¢ (4) all equal zero and both the primary and backscatter
links are in outage.

Case 2: If P, > P. and R successfully decodes s (i) only,
orif P, < P, and s (7) is successfully decoded by R, then the
received signal at D can be expressed as

\/?)th35

where z4 (i) ~ CN (0,02) denotes the AWGN at D. Then,
the throughput (bit) of the primary link, in the second hop, is

) +za (i), ®)

BT,
R = =log, (1+942). ©)

In this case, the SNRs for decoding 5 (7) and ¢ (¢) are '7<(1 S) =
plhs|? and zero, respectively. Therefore, the PU’s signal may
be decoded at D while the backscatter link experiences outage.
Case 3: If P, > P. and R successfully decodes both the
PU’s signal and the BD’s signal, then R will forward the
signals 5 (i) and ¢ (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

OMA

Yd.s =/ Ph3§ (i) + 24 (1), (10)
Yo (i) = v/ Pehsé (i) + za (i) - (11)

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

OMA _

0 4 Z0og, (1449314, (12)
ROMA logQ (1 + ,YOMA) ) (13)
where VOMAp|h3| and fyOMA = plhs|® are the SNRs for

decoding s( ) and ¢ (7), respectively.

2) NOMA with Static PA Scheme: In this scheme, R trans-
mits the composite signal /a7’ (i) +v/a3'¢é (i) to D via
NOMA 6, where a%T and agT are the nonnegative static PA

factors and satisfy ajT + a3T = 1. Here, the superscript ‘ST’
stands for ‘static’, and a?T and a5T keep constant’ for all

transmission blocks. Accordingly, the signal received at D is
= /P, h3<\/a1 5(i) +4/a5 c()>+zd() (14)

Upon receiving 457 (i), D first decodes 5 (i) by treating ¢ (4)
as interference, and then detects ¢ (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,

BT
R3S = = logy (1+78%) (15)

BT,
RET = Zllog, (1 +15Y), (16)

2

ST 2
ST _ Pray”|hs| ST — paST 2
where 73, = PtatSTl\hdl >z and 75 = pay |hs|” are the

SINR/SNR for decoding §'(7) and c( ) respectively.

6 Although 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 § (¢) and & (¢) [33]. However, in this work, the target
throughput of § (¢) and ¢ (¢) is fixed at Ry and Rp, respectively, and hence
RS is not suitable.

"The values of a%T and agT can be determined empirically or analytically,
e.g., based on the PU and BD’s OPs that will be derived as a function of a%T
and agT in the following sections.



3) NOMA with Dynamic PA Scheme: In this scheme, R
transmits the composite signal \/aYY 5 (i) ++/aP¥é (i) to D,
where aPY and aDY are the nonnegative dynamic PA factors
with the superscript ‘DY’ denoting ‘dynamic’, aPY + aDY =
1, and both aPY and aPY vary with the change of channel
coefficient of hgz. The signal received by D can be written as

=/Pihs <\/> @)+ \/ab c())—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,

BT,
RPY = = "log, (1+78Y). (18)

BT,
REY = —5"log, (1+787) (19)

where 'yDY = % and 'yD = pa2Y |hs|? are the
SINR/SNR for decoding § () and ¢ (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 L If |hg)® > DE2ENI2 - then the optimal

denoted by aPY*, can be any value in the interval

Pyi|hs|®>+v10 o’ : DY
[Pt|h3‘2+Pm|h3‘2, Pihol” | and the optimal a3 *, dinoted
. 2 L
by a?¥*, is gl\{g}%by ad¥* =1—aPY*, where v; = 287 —1
and v = 28T — 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 |hs|® <
w then we have aPY* = 1 and aD¥Y* = 0, ie.,
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 hgz and
the target throughput of both PU and BD. Specifically, if
|hg|? > 2+32m%  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
|hs|® < 2F22Em%  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 |hg|? > 1F22+01%2 jncreases while
maintaining sufficiently good hg, hi, and hy for R to decode
signals of both PU and BD..

For |hg|® < 243241%2 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 2+ < |hg ? < '“4“727:7”2 R forwards only
the PU’s signal to D with a?Y* = 1 and D can successfully
decode the re-encoded PU’s signal § (7). However, for |hs|* <
2 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

silent® and we have a]fY* = ag)Y* =0.

Proof. If |hs|® < "“*727:7”2, R only forwards the PU’s
signal. In this case, to ensure the success of decoding 5 (%),
RYY = Ellog, (1+ AIl®) > Ry should be satisfied.
Thus, § () can be successfully decoded by D if and only if

plhs|? > 1 is satisfied. The proof is complete |

DY

Based on Lemmas 1 and 2, the optimal a Y and az * can

be summarized below:

aDY* c Pt71|h3|2+’71°'2 _ 7202
1 Py |hs]?+Pyilhal*? Pt|h%\2 ’
and aDY* - 1— DY*7 if |h3| > W1+72+71"/2
a]13Y — 1a“2DY* =0, if ’Yl < |hs3 | < 71+72p+7172
DY+ _ DYx* _ v
apP™* =a3"* =0, if |hs|® < s

(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 772 < |hs \2
771 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 72 < |hsl? < "’1 , whereas it will be from PU when

|h3|? > 2. 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
Poou =1 Pr (Pe > Pe, Ry = Ry, R) > R, Rc(i),IQ/IAZRJ

~Pr (PP, RO > Ry, RO < R, RE > R )

~Pr(Po< P RID > Ry, RE)> Ry )

(@)
> 1—Pr (Pe > P, 70 21,7 272) Pr( QA >4 PMA)

pOMA POMA
P,
~Pr (Pe > P,y >, < 72) Pr (7((123 271)
Pp?,glA PpO,AILVIA
—Pr (Pe< Pyl =) POV, 1)
PpOMA
4Ry
In (21), 'leMA = 28T — 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. ie. Eou [logy (14 plho + vBe (k) hal*)] <
log, (1 + PEeiy |h0 +/Be (k) h1h2|2 = log, (1 + ’yr(?)
where ’yr(ls) =p (|h0|2 + ﬁ|h1|2\h2\2>, and the equality holds
due to K. [\/Bc (k) hohth] = 0 in one transmission
block. It can be observed from (21) that P, Rﬁls) , and RQ
involves the channel coefficient from PU to BD h;. This
introduces extra coupling in PPMA and POMA 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
and POMA in closed forms.

1) Derivation of PS%“A and P}gé\/m: The approximations
of POMA and PPMA are summarized below.

Proposition 1. POM# can be approximated by (22), as
shown at the top of the next page, where b; =

OMA pOMA pOMA pOMA
Ppl ’Pp2 ’Pp3 ’Pp4

(1-B)P:>
by = mpl by = p}/TZL’ by = by — Pbs, b5 =
—Xob _ BoA _ bs(em+1) —
BARoe™ 0, b = gox S t=pr dm = Tai > Om =
T—2 ar40tan by oS (23@]\7[17{) + T+2 al;lctan by , C = COS (27273}171_),
w = 77, and M is a complexity-accuracy tradeoff parameter.
Proof. Please refer to Appendix B. ]
Proposition 2. POMA can be approximated as (24), as
P p,3 pPp

shown at the top of the next page, where g,, = A\g— %,

_ ba(em+1) _ bs(em+1)

Um = 20, s Tm = 2b, .
Proof. Please refer to Appendix C. ]
2) Derivation of POy : Substituting 4@y = plhs|” into

PI%V[A, we have
OMA 2 OMA
Pyt =Pr (p\hs\ >m )
o OMA —1
N / fingp? (&) da = e A7 07 (23)
'Y?MAP_l

3) Derivation of I S%A_- Since 7((123) — plhs 2’ I?i\/IA .
be calculated as
p’i\/IA r(p|h3|2 >,71)
/ fihs 2 (@) dz = o~ ramp 05)
yip~?t

4) Derivation of POMA: Since |ho|* and |hy|* are inde-
pendent random variables, PO} is calculated as

POYA = Pr (|af? < b, [hof* = b2)

by poo
= /0 /b2 Fiho? (2) fina2 (y)dxdy

= e Mob2 (1 — e Mh), (26)

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

PONA 1 — pOMAPOMA — pOMA (POMAL POMA) | (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

Pl >1-Pr (PeZPc,’Yr(,IS) >y, > 72) Pr(is > m)

p,out
—— —
PST Py
—Pr (Pe > Py 2 Y <72) Pr (752) > %)
PYE Lh
—Pr (P < Py 2 ) P5T, 28)

ST
Pp,5

Comparing (28) with (21), we find that PBSE = POMA,
PSY = POMA, PST = Pgé};“ and PST = POA. Therefore,
we only need to derive Pp’g as follows,

OMA
P

ST 2
a3 |hs
Pyg =Pr pST1 | 2‘ Zm
past|hg|” +1

oo _ - >\3'yls
= fing2 () dx = o7 —emst
1

pafT—pa§Tyy

—razton

(29)

where the second equality holds from a$T > a5"~;. Please

note that PSE = 1 holds for a$™ < a3"v;. This indicates that
for the NOMA with static PA, the a5T > a5T+; 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

ST OMA pST
B 1= Py s —

OMA OMA OMA
p,out — p#llv[ (Pp,év[ +Pp,évl ) (30)



M

1 tan 6,,sec?f,,e 1 tan om 9 A2 \a2
POMA — Z g\ Age ™02 (1 — 2arctanb wy/1 — 2 e e (e(/\"_my’"‘ - e()‘o_m)ﬁ)
Pl 46 170 ( 1) mz::1 m ﬁ)\o tan 9m — )\2
M
+b667)\1b1 (e()\o—b)fﬁ> :—i—kobz . €b4 (bxfﬁ—)\o)—kl)?lbﬁ?) n )\221)173 67)\0174 Z w\/icgne—)edm—)‘dlyig. +6—)\1b1_%—)\0b4. (22)
1 m=1
pOMA AoA2 _yop i Vi- &, Zn ( Bbsg (51)3 1 ) 1 > Ao~ Aob e~ (MoBbi=A2) g
=——¢ 7072 w —c2e (fem) [eF739m [ —= — — |4 — +2€7027(6 517>
>3 28k — gm 93] 92 AoBb1 — Ao
Apbge otz U T (A Ap 23 X0Bb1 T — A2 — A1 123
_ 5 Z wr/1 — C?n (6_ 2Um —A1 7o (eﬁ)\obs _ 66)\0b1um) +e 0B8b17m —A2Tm— 17~m> . (24)
1 m=1
C. NOMA with Dynamic PA Scheme Remark 3: Under the three forwarding schemes, the prima-

In this scheme, D can successfully decode the PU’s signal Y link achieves the same diversity order but the achievable
forwarded by R for | h3\2 > 2. otherwise, the primary link ogtage performance \'/ar.ies. Particularly, b}/ compari%%/ (32)
experiences an outage. Therefore, the OP of the primary link ~With (30) and (27), it is not hard to verify that P, <

) . ST DY OMA OMA T
under this scheme can be written as Poow and Pyo < Pioy due to Pry”* > PP and

by . : o M PS}MA > PI%V[A. That is, NOMA with dynamic PA achieves
Py ouw=1-Pr (Pc > Fe, Vr(s) 271, ’Yr(c) > ’72> Pr <|h3| 2 p> the best outage performance of the PU among three forwarding

schemes.
PY PDY
—Pr (Pe > Po, v >71,7D <72) Pr (wff) > 'yl) IV. OUTAGE ANALYSIS FOR BACKSCATTER LINK
PPy PDY The BD’s signal ¢ (k) can be successfully decoded by D
(1) DY when the following three conditions are satisfied: 1) the BD
—Pr (PC <K, Trs = ’71) PP74 : GD 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
Comparing (31) with (21), it is found that PD} = P}g%\“, the following.
Ppg} = POMA, pPDY = pOMA pDY — pOMA and PYY =
Pp’é\/IA. Therefore, the closed-form expression for the primary A OMA Scheme
link’s OP in this forwarding scheme is given by
Poous = 1= B (POYA + POYA + POSIA) - (32)

p,out — p P, P,

D. Diversity Order POMA_1 _pr (pe >P., R >R, RY > R RYMA > R2>

DY
Pp,5

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

out

Based on the obtained expressions of the primary link’s OP I )
under the three forwarding schemes, we proceed to derive the =1-Pr (P e 2 P, s 27 me 2 72)
diversity orders of the primary link. The diversity order [35]

POIVIA
is defined as o
OMA - . OMA
lg (P, x Pr(yge® > 99™M%), (35)
d=— lim BFon), (33) .
p—oo lg(p) POYA
where P, is the OP.
When p — oo, PON}, Pyt and PR3 depend on  where OMA — oFTE _ 1.
_(=Mabi—2228 - xobs . . . - OMA _ pOMA
QQ% —¢ 1 , as shown in (B.2). Since Qa2 x By comparing (35) with (21), we find that Pb#1 = Pp71 .
e v as p— oo, POMA PST and PDY, o 1 — e », Thus, we only need to calculate P23'*. By substituting

where o denotes being proportional to a certain quantity. ~y9MA = p|hg|® into POMA, we have
Accordingly, the diversity orders of the primary link under

the three forwarding schemes can be calculated as POMA _ py <| h3|2 > ! 72OMA)
Ig (1 — e_?) oo _
dOMA _ dST —d®Y = — lim —— /7 1. (34) = / fth‘Q (x) dr = e*>\3p 1’)’2ONIA. (36)
P P P p—00 1g (p) p—lyOMA



B. NOMA with Static PA Scheme
In the NOMA with static PA scheme, the OP of the

backscatter link is expressed as

Byt =1—Pr (Pe > Pe, v > 41,7 > 72)

b,ou r,c

ST
Pb,l

x Pr(75% > 1,750 > 5 OMA), (37)

ST
Pb,2

where Y)OMA = 25T, _ 1. Similar to the OMA scheme, it
can be found that PbST = PS{AA, and thus we only need to
PafT|hs|?

ST ST _ __f%a; [ha|”
calculate P7;. Based on 73 = PaST [hs? +02

and *ygrg =

paST|hs|?, we have

|hs|2 >
FT ) S

NOMA
PST —pr <|h3|2 > ( M T2 )
’ P

= / Fing? (@) dz = €757, (38)
asTt

h 7 ,YNOMA
where agT = max 2 .
i p(af—agT) " " pasT

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 |hg)® > 2ntrztnde
Therefore, the OP expression for the backscatter link can be
written as

Py =1—Pr (Pc > P, v >, > ’72)
PPY
xPr(Mﬂ2271+72+7rm)7 (39)
p
Py
where PJT = POMA, and PDY can be calculated as
FPY = Pr (h;ﬁ > WA T 7172)
_ e‘“% (40)

Remark 4: By comparing (40) with (36), it is not hard to
verify that PO > PPY. Based on this observation and both
equations (39) and (35), we have P,Sé\ﬁ? < P@flfn- 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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Fig. 3. The harvested power versus the transmit power.

D. Diversity Order

When p — oo, the backscatter link’s OPs under the three

: : OMA pST DY
forwarding schemes, i.e., Pb,out s Pb,out’ and Pbput, are all

proportional to 1 — e, Accordingly, the diversity orders of
the backscatter link under the three forwarding schemes can
be computed as

OMA
dOMA _ dST _ dDY — — lim lg ('ZDP»CI)\:IJt )
L . 1))
i lg (1 — e‘%) X an
= — lim =
p=oo g (p)

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,

02 = —130dBm, 8 = 04, ajT = 0.9, 3T = 0.1,
B = 2bit/Hz, and %2 = 0.01bit/Hz, dy = 100m,

di = bm, do = 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
do 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 x 10 Monte Carlo simulations.



Dynamic PA scheme(Theo.)
A Dynamic PA scheme(Sim.)
Static PA scheme(Theo.)

O  Static PA scheme(Sim.)
OMA scheme(Theo.)

{  OMA scheme(Sim.)

—— Traditional relay(Sim.)
% Optimal position of relay

101 ¢

OP of the primary link

102 F

0 20 40 60 80 100 120 140 160 180
Distance dO (m)

Fig. 4. OP of the primary link versus the distance dg.

This observation demonstrates the accuracy of the derivation
of the primary link OPs even at a small value of M, ie.,
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 relationship’ between PU and BD in
both OMA and static PA schemes is affected by distance dy.
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 access!®, maintaining the mutualistic relationship
regardless of changes in the distance dy. 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 dy 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 do.

increasing, indicating that there exists an optimal R location.
The optimal distances dy 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 dy 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 dg, the OPs of the backscatter link under the
three schemes follow a decreasing-then-increasing trend. This
indicates an optimal distance dy 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 dy > 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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Fig. 8. OP of primary link versus /3 for different transmit power levels.

PBC network.

Fig. 8 illustrates the OPs for the primary link versus the
PRC of BD at different transmit powers, i.e., P, = 8dBm
and P, = 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 3, 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 [ 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 3, 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 f
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 P, = 8dBm and P, = 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 /3
should increase with the transmit power. Comparing the result
in Fig. 9 with that of Fig. 8, we confirm that the optimal S 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 .

Finally, we evaluate the total spectrum efficiency (SE) of
both primary and backscatter links in Fig. 10. The total SE
is calculated as % (1 — OP of the primary link) + % (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 5 (i) and ¢ (i) at D, the following
two inequalities should be satisfied, i.e.,

REY > Ri, (A1)

RYY > R,.

oo DY _ _ PaPY|hs|? DY _ DY

' By Substltut]ng ’Yd,s '— m and. 05 =1 ._ ay .

into (A.1) and performing simple mathematical operations, it

can be concluded that to ensure the success of decoding 5 (i),
a?Y should meet

(A2)

DY - Pf:“71|h3|2 + 7102

1 = , (A.3)
P,|hs> + Py |hs|?

2R
where v, = 95T — 1.

Similarly, by substituting 7YY = pab¥|hs|* and afY =
1—aPY into (A.2), for successfully decoding ¢ (7), al’Y should
satisfy

2

DY V20
a;’ <1———, (A4)
Py|hs|”
2L Ry
where 5 = 2 7o — 1.
Based2 on 2(A.3) and (A4), we conclude that if
_Binlhs["tmo” DY  _mo Iy
Pt|h3E+Pt71‘h3|2 S ay S 1 Pt|h3|2 hOldS, both S(Z)

and ¢(i) can be successfully decoded by D. To ensure

Pyyi|hs|®+y10° <1 Y20 hel? > ntrztniye
: should be
Py|hs|>+Pyy1|hs|? Pt|h3\2’| 3| P

. . 2 > .
satisfied. Therefore, in the case of |hz|” > w, if a?Y
Piyi|hs|*+v10° _ o’
Py|hs|*+Pyy1|hs|®? Pilha|? |2
D can successfully decode both 5 (i) and ¢(4). In the case of

2 _ yitvetvive i e Peyilhs®+v10”
|hs|” < 5 , it is not hard to verify Polha P+ Pomn s

takes any value in the interval {



1— W 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 aPY and aQDY should be set as 1 and O,
respectively. The proof is complete.

APPENDIX B

POMA

According to the value range of |ho|?, can be

calculated as

\hi|® > by, pBLIA [* o] > 7o,

POMA — Pr
p (Ihol” + Bl Ih2l*) = 2
by — |hol?
@ p, b1 > max b1,27|g| |hol? < by
Blha|
Q1
+Pr [ h]* > max bl,—‘ ‘ JJhol* = ba),  (B.D)
2
Q2
where b; = % by = y1p~ L, by = LQL, by = by — Bbs,

and step (a) is derlved from the total probabﬂlty formula, i.e.,

ba—|hol b: —|ho|? b
S > T and SR < g,
To remove the max function in Q1,we have
by — |hol’ by — |hol?
Q1=Pr |h1|2_ 2 — | g| b <2 | (2)| 7\h0|2<b4
Blha| Blha]

Qll
2 2 2 2
+Pr (Iaf* = b, [hol = bs = buBlhaf?, ol < bs)

Q12
(B.2)

After some manipulations, ()11 can be calculated as

o0 z
= b -
Q11 5/})1 5}\027)\26
Qlll

“MEf(2)dz — bghre b1,
———
Q112

(B.3)

where by = B Age 002, f (2) =e(Po=72)b2 _ o(A—=32)3%

— BoX - >\0—>\72 92 Xobs

b6 = Faxg—a(1=pyp: b7 =¢ ( ble)pL '
Clearly, Q111 is non-integrable because of e~*1%f (2)

involved in the integrand. Thus, we use Gauss-Chebyshev

quadrature!' [37] to approximate (Q1;. Particularly, letting

For 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 = tanf,0 € (arctan bl,%) and using Gauss-Chebyshev
quadrature approximation, (0111 is approximated as

1
75A1Aoe**0b2 (7

Qi1 ~ — 2arctan by)
1 tan 0,,5ec?0,, e~ A1 tan bm
X Z w
Chn B tan 0, — Ao
Ao 2

% (e(ko*m)b2 _ e(’\O*m)TL) ., (B4
where 6,, = T=2arctanby g (2’2”Ml77) + m2ardanby o=
cos (272an7r) w = 77, and M is a complexity-accuracy

tradeoff parameter.

Then we derive (15 into the closed form. Due to by —
|h0|2 > bs B > 0, we rewrite Q12 as

Q12=Pr (|hl|2 > by, [ho)* > (b2 - \h0|2) /blﬁ, |hol? <b4)

o by o
-[ ] / B @) Figge ) o (2) dadydz
by 0 279

=bge b1~ (1 —e (Q%AO)) . (B.5)
Similarly, ()2 can be rewritten as
b3 b3
Q2 =Pr (|| > ; > by, |hol? > bs
[hal* [hof®
Q21
b
+Pr( []? > by, 732 < by, |ho|? > by
|ha
Q22
b3
— Mg~ obs /b A2 (- ~Xoba)
2 Qa2
Q21
(B.6)

Using Gauss-Chebyshev quadrature to approximate (21, we
have

M
A2b 1b;
Qo 2R Y wy/T— e h B)
2b1 m=1
where d,,, = 7b3(;’§1+1).

Until now, POMA has been derived and the proof is com-
plete.



APPENDIX C
POMA can be expressed as
POMA _ Pr( \h1|z > b1,|h21|2|h22|2 < bs, )
|hol™ + Blh1]"|ha]” > bo
b X
=Pr |h1|22b1,|h1|2<7327\ 1\2_72
|hal Blha|
X by , X
=Pr _| 1| ,‘hz‘ <7,X<ﬁb3
Blha|? |haf? By
Q3
b
+Pr (b1 < |ha|? < —5, X < Bbi|ho|?, ol ﬁ (C.1)

2

Qa

where X = by — |ho|” and its probability density function can
/\oe_Ao(bQ_m) , < by

be expressed as fx (z) = 0 b
) 2

Q3 is equivalent to

Qs—/ﬁbs/m1 /;u fingz ) finy2 () [x (@) dedyda
Bbs A
A
Q31

Bbs BL b3
/ / doe M o (2) dyda.

Q32

Using Gauss-Chebyshev quadrature and [38, eq. (2.321.2)],
we calculate (031 as

M
AoA2 xob
2 2 E V1-—¢2
QSI 26()16 m:1w Cm

2b b 1 1
% e*)\lm <€Bb397n <ﬁ3 — 2) =+ 2) s (C.3)
9m 9m Im

where ¢, = Ao — 7’\2(;&?1)

Q@32 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

Qs @ >\0/\2/ / e o2 ) g
5b1y

e VTN fy () dyda

(C.2)

% b
_ )\26—/\01)2/ MM (Pobs Pty gy

b) Aob Aoby M
”%Zw -

m=1

(65%% _

“Aatm A1y (C.4)

u m

X e eﬁAoblum) ,
bz(cm+1)

where u,, = T

Next, we derive ()4 into a closed form.

SN

) finy 2 V) finyp2 (2) dedydz
—A1by

WD : (e()\oﬁln*)\z)%’ _ 1)
0 1= N2

Q41

_ —Aobg/ Aoﬁblz )\QZ Alfdz

= )\26_>\on

(C.5)

Using Gauss-Chebyshev quadrature, we can approximate

Qa2 as

3e—>\0b2

M
_ )\, L3
T E wr/1 _aneAOBblr'm A2Tm )‘17»”7
1

Aob
Qa2 = 2
(C.6)

m=1

b1
where r,, = M

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

sion of PO}4 can be obtained, and the proof is complete.
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