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Abstract—Advancements in low-power and cost-effective
backscatter communications are enhancing connectivity for
battery-constrained devices, as highlighted by 3GPP’s recent
ambient Internet-of-things (A-IoT) study. This paper presents
a comprehensive analysis of the outage behavior exhibited
by various A-IoT backscatter communication topologies, in-
cluding direct connection with the base station (Topology 1),
relay-assisted backscattering (Topology 2), and user equipment-
assisted backscattering (Topology 3). For each topology, the out-
age event is characterized and the outage probability expression
is derived. Additionally, asymptotic analysis is performed to
study the outage behavior of each topology at high transmit SNR
0. The results show that at high SNR, the outage probability
scales as (1/,/7,) for Topology 1 with symmetric channel,
(1/vs / %) for Topology 2, and (1/+,) for Topology 3 and Topology
1 with frequency division duplex (FDD) transmission. Through
analytical modeling and extensive simulations, our study pro-
vides insights into the outage behaviors of these topologies. It
is found that the distance of the backscatter link significantly
affects outage performance across these topologies. Specifically,
Topology 2 shows superior performance at shorter distances,
while Topology 3 is more effective at longer distances. Moreover,
the impact of backscatter coefficient and target transmission rate
on performance is investigated.

Index Terms—Ambient IoT, backscatter communications,
symbiotic radio, DF relaying, outage probability.

I. INTRODUCTION
A. Background and Motivation

The Internet of things (IoT) is expected to revolutionize
how we interact with technology and the world around us
[1], with applications ranging from smart homes and fitness
trackers to industrial sensors and agricultural monitors [2].
However, energy efficiency and spectrum scarcity remain
key challenges for large-scale IoT deployment. By achieving
ultra-low power consumption and employing cognitive spec-
trum efficiency techniques, IoT devices can operate effectively
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in various environments, ensuring continuous data collection,
analysis, communication, and sustainable performance. The
main contemporary machine-type communications (MTC)
standards include licensed narrowband IoT (NB-IoT), long-
term evolution MTC (LTE-M) [3], and reduced capability
(RedCap) new radio [4]. These systems enable simpler,
energy-efficient, and cost-effective radio modems that are uti-
lized in mobile broadband applications. However, for several
low-end IoT applications, the battery life and device cost of
contemporary MTC solutions are still too restrictive.

In a recent development, the 3rd Generation Partnership
Project (3GPP) has launched study items focused on the
concept of ambient IoT (A-IoT) [5], [6]. The objective is to
address the aforementioned limitations and provide low-cost,
battery-free connectivity for IoT devices [7], [8]. The term
’ambient’ refers to the surrounding environment, indicating
the potential for A-IoT devices to harvest energy from am-
bient sources and be extensively deployed in close proximity
to users, enabling comprehensive environmental monitoring in
residential and commercial spaces. Backscatter communica-
tion techniques [9]-[12] are considered the primary enabling
technology for A-IoT. When integrated with existing mobile
communication systems, A-IoT is expected to represent the
next evolutionary step in MTC. Although existing research
has explored A-IoT devices and their potential applications
[8], [13], there remains a lack of comprehensive studies
on integrating these technologies with various connectivity
topologies and evaluating their performance. This gap mo-
tivates the present study, which examines the integration
of A-IoT devices into existing infrastructure using different
communication topologies, and assesses their performance
using outage probability—a metric particularly suited to the
variable and intermittent signal strength characteristic of low-
power, low-cost devices.

B. State of the Art

This subsection outlines the primary backscatter communi-
cation configurations pertinent to this paper and reviews their
relevant outage performance as reported in the literature.

1) Monostatic Backscattering: Monostatic backscattering
involves a reader with a full-duplex receiver, enabling it to
both generate the unmodulated carrier signal and receive the
backscattered signal from the backscatter device. It is widely
utilized in radio frequency identification (RFID) systems
[14]. However, full-duplex operation introduces complexity
and increases costs, while the presence of round-trip path
loss degrades performance. The performance of monostatic
backscattering has been extensively studied in the literature
[11], [15], [16], [17], and references therein.
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2) Bistatic Backscattering: In this configuration, the emit-
ter and reader are geographically separated into two distinct
entities [18]. This model can help achieve a longer range and
avoid the self-interference, though it comes at the expense of
increased costs due to the need for deploying dedicated radio
frequency (RF) sources.

3) Ambient Backscattering: In this extensively studied
model, an uncontrollable ambient RF source acts as the
emitter, while a dedicated reader decodes the information
backscattered from the tags [19]. A primary challenge as-
sociated with this model is the direct link interference at
the reader. Numerous studies have investigated the outage
behavior of ambient backscatter communication [20], [21],
[22]. In [20] and [21], the authors analyzed the outage
performance of ambient backscatter systems, considering the
primary link as interference at the backscatter receiver. In
[22], the outage performance of multiple backscatter devices
was examined, where the reflection coefficient was optimized
to improve performance. It is worth noting that the works in
[20]-[22] assumed that the primary and secondary backscatter
systems operate independently without collaboration.

4) Symbiotic Radio: A significant variant of ambient
backscatter communication, known as symbiotic radio (SR)
[23], [24], [25], [26] aims to design receivers capable of con-
currently capturing both the ambient signal and the backscat-
tered signal, thereby enhancing reliability and spectral effi-
ciency. To achieve this, a successive interference cancellation
(SIC) receiver can be employed to effectively decode both
signals. Considering a cooperative receiver for decoding both
the primary and backscattered signals, the authors in [27] in-
vestigated the outage performance of three SR paradigms pro-
posed in [28]. The outage probabilities were analyzed based
on optimizing the transmit power and reflection coefficient of
the backscatter device. In [29], closed-form expressions for
the outage probability of an SR system with two backscatter
devices were derived. In [30], the outage performance and
ergodic capacity of different SR configurations were studied,
with the coexistence outage probability (COP) introduced as
a performance metric for the considered SR cases.

5) Relay-assisted Backscattering: A related configuration
discussed in the literature involves the use of relays in
backscatter communications. The work in [31] proposed a
relay-assisted ambient backscattering system, in which a
decode-and-forward (DF) relay node simultaneously assists
the transmission of both the primary system and the backscat-
ter system. The outage probability and throughput of both
relaying links were derived. More recently, the work in
[32] analyzed the outage performance of a relay-assisted
cooperative ambient backscatter network, where a relay node
forwards both the long packets from the primary transmitter
and the short packets from the backscatter transmitter. Addi-
tionally, the outage performance of a dual-hop DF cooperative
ambient backscatter system with single-relay selection was
studied in [33].

C. Contribution and Organization

Inspired by the 3GPP’s exploration into radio access net-
work (RAN) plenary [6] regarding deployment topologies for
A-IoT, we consider three main topologies as shown in Fig. 1.

1) Topology I (T1): In this topology, the A-IoT device di-
rectly and bidirectionally communicates with a BS-type node.
This corresponds to monostatic backscatter communications,
where the reader, i.e., BS, utilizes a full-duplex transceiver.
One variation is to consider symmetric forward and backward
channels, T1(a); this topology and its outage performance
are well-established in RFID and monostatic backscattering
literature and are included in this discussion for benchmark
comparison. Additionally, we consider another case in which
the forward and backward channels are uncorrelated, T1(b).
This scenario is motivated by the ability of the A-IoT device
to shift the frequency of the backscattered signal to a different
band, as demonstrated in [34], [35]. This topology could
be utilized in frequency division duplex (FDD) transmission
without requiring changes to the BS hardware.

2) Topology 2 (T2): In this topology, the A-IoT device
is connected to the BS through a relay. We consider the
DF protocol at the relay, where the transmission is divided
into two phases. In the first phase, the relay transmits a
carrier signal that illuminates the A-IoT device, and the
resulting backscattered information signal is received by both
the relay and the BS. In the second phase, the relay transmits
the decoded signal to the BS, provided it was successfully
decoded during the first phase. Given that the user equipment
(UE) can act as a relay node, T2 is particularly suitable for
indoor-to-outdoor communication scenarios for A-IoT [6]. It
is important to note that the operational principles of the relay
node, as proposed in [31], [32], and [33], differ from the
T2 framework utilized in this study. In [31] and [32], the
relay acts as a receiver for the SR system, decoding both the
primary and backscatter signals before forwarding them to
the receiver. In contrast, in T2, the relay first collects the
information from the A-IoT device in the first phase and
then forwards the signal to the BS in the second phase.
Furthermore, the work in [33] studied the impact of relay
selection on the outage performance, where the selected relay
node acts as a source for SR system, and the relay does not
process the signal of the A-IoT device. Thus, studying the
performance of T2 in its current form is novel.

3) Topology 3 (T3): In this topology, we consider two
scenarios where the UE assists the A-IoT device: UE-assisted
uplink data transmission, T3(a), and UE-assisted downlink
data transmission, T3(b). In T3(a), the UE transmits an uplink
signal to the BS, which also serves as an illuminating signal
for the A-IoT device. T3(a) corresponds to SR communi-
cation, wherein the A-IoT device transmits its signal by
piggybacking on the UE signal. A cooperative receiver at
the BS is used to demodulate the two signals using the SIC
technique. In contrast, in T3(b), the BS transmits a downlink
signal to the UE, which simultaneously illuminates the A-
IoT device. The UE then jointly decodes the downlink data
and the A-IoT message. To facilitate this task, known signals,
such as LTE cell-specific reference signals (LTE-CRS), could
be utilized. Recently, the work in [35] proposed a system that
uses LTE-CRS transmitted by the BS as an ambient source
and experimentally validated the UE-assisted A-IoT on LTE
downlink. After decoding the backscattered signal, the UE
sends it back to the BS through the backhaul link.

The outage performance metrics for T3(a) and T3(b) con-
sidered in this paper differ from those proposed in [27],
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[29], [30]. In [27] and [29], the outage probability of the SR
system was derived with a simplified channel model, where
the cascaded backscatter link consists of a single Rayleigh
channel, resulting in outage expressions that are simplified
and distinct from those in the current study. Moreover, in
[27], although SIC is applied at the backscatter receiver to
mitigate the primary signal, it is noteworthy that the primary
receiver is distinct from the backscatter receiver. The study in
[30] introduced the COP performance metric for SR systems,
defining a coexistence outage event where either the primary
or the backscatter transmission fails. However, this metric
may not fully capture scenarios where, following the SIC
principle, the primary system can successfully decode its
signal even if the backscatter system is in outage, due to
the standard practice of decoding the primary signal first.
In contrast, in the proposed T3(a) and T3(b), we assess the
outage performance of the primary and backscatter systems
separately and compare them, as will be elaborated upon in
Section IV-A. In addition, the asymptotic outage performance
and diversity order of both topologies are derived.
Our main contributions are summarized as follows

o« We introduce a comprehensive framework that ex-
plores various backscatter-based connectivity topologies
for A-IoT, including direct connectivity with the BS
(T1), relay-assisted backscattering (T2), and UE-assisted
backscattering (T3). Our objective is to assess and com-
pare the performance of these topologies, with a par-
ticular focus on outage behavior. While not exhaustive,
these topologies represent fundamental configurations
recommended by 3GPP [6].

o We derive closed-form expressions for the outage prob-
ability across various topologies, analyzing their per-
formance under different conditions. The results reveal
nontrivial performance comparisons among the topolo-
gies with varying system parameters. For instance, while
relay-assisted backscattering achieves better diversity
order at high SNR, it does not consistently outperform
other topologies, especially under low SNR conditions
and high target transmission rates.

o We conduct an asymptotic analysis of the outage proba-
bility in the high SNR ~, regime. The scaling behavior
and diversity order of the different topologies at high
SNR are investigated. It is shown that at high SNR,
the outage probability scales as (1/,/7,) for Tl(a) , as
(1/43/%) for T2, and as (1/~,) for T1(b), T3(a), and
T3(b).

o Numerical results are presented to fairly compare the
topologies in terms of deployment distances and total
power budget, while also examining the impact of key
system parameters on outage performance.

The remainder of this paper is organized as follows. In Section
II, the system and channel models are introduced. In Section
III, the outage probability of the different connectivity topolo-
gies is derived. The asymptotic analysis and diversity order
are also discussed. Section IV presents the numerical results,
along with discussions on practical aspects and future research
directions. Section V provides the concluding remarks.

We use CA(u, 02) to denote the complex Gaussian random
variable with mean p and variance o2. The cumulative distri-

bution function (CDF) and probability density function (PDF)
are represented as F'x (.) and fx (.), respectively. X ~ exp(S)
denotes an exponentially distributed random variable with
parameter (3, where fx (z) = Be™P7.

II. SYSTEM MODEL

We consider an A-IoT backscatter communication envi-
ronment with different topologies, as shown in Fig. 1. The
system consists of a BS, an A-IoT device, a Relay, and
a UE. It is assumed that all nodes are equipped with a
single antenna and that all channels follow Rayleigh fading!.
The A-IoT device utilizes backscatter modulation to transmit
information to the BS, which may be deployed as a macro,
micro, or pico cell. The BS functions as the central node for
collecting A-IoT data. We denote the channel gain between
nodes ¢ and j in topology 7 as hj; ~ CN(0,[];), where
i,j7 € {b = BS, a = AloT device, r = relay, u = UE},
and 7 € {T1(a), T1(b), T2, T3(a), T3(b)}. For notational
convenience in the following analysis, we omit the factor
7, and the relevant value is implicitly understood from the
context of the section.

A. Topology 1 (T1): Direct Connectivity with the BS

In this topology, the BS functions as the reader in a
monostatic backscatter communication system. A full-duplex
transceiver at the BS is assumed’. The BS emits a carrier
signal s, where E[|s?|] = 1, while simultaneously receiving
the backscattered signal from the A-IoT device. The received
signal at the BS is thus given by

Yo = VaPhayhpesc + ny, (D

where P denotes the transmit power, ¢ represents the in-
formation signal backscattered from the A-IoT device, with
E[|c?|] = 1, ny~ CN(0,02) is the additive white Gaussian
noise (AWGN), and « is the reflection coefficient at the A-
IoT device. We will consider two cases: full-duplex receiver
with channel reciprocity, and FDD transmission.

1) Ti(a): Full-Duplex Receiver with Channel Reciprocity:
In this case, due to channel reciprocity, the forward and
backward channels hy, and hg;, are fully correlated, implying
hpa = hap. Moreover, as mentioned earlier, the BS is assumed
to filter out the self-interference carrier signal. Thus, the
instantaneous SNR of at the BS is

Plhpa*
,yl;rl(a) — o | b ‘ (2)

2
05

'In this paper, our objective is to evaluate the performance and diversity
order of the various topologies and compare them, rather than focusing on
the performance achieved by MIMO diversity gain. Consequently, we assume
a single antenna at the BS. Additionally, as demonstrated in [34] and [35], a
single antenna is also assumed and utilized at the BS for UE-assisted ambient
backscattering in the LTE downlink.

ZNote that as the BS transmits an unmodulated single carrier signal,
the receiver can easily decouple its own self-jamming carrier, which is a
commonplace in the literature [11], [36], [37], and is considered in our work.
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Fig. 1.

lustration of the different A-IoT topologies. Topology 1 (T1): The A-IoT device is in direct connectivity with the BS. Topology 2 (T2): Relay-

assisted backscattering where DF relaying is considered. Topology 3 (T3): UE-assisted backscattering, where both UE-assisted uplink transmission T3(a),

and UE-assisted downlink transmission T3(b) are shown.

2) TI(b): Frequency Division Duplex (FDD): In this case,
the forward and backward channels are uncorrelated, with
FDD transmission being assumed’. This scenario corre-
sponds to practical techniques proposed in the literature for
backscatter communications, where the A-IoT device shifts
the frequency of the backscattered signal to avoid direct link
interference, as discussed in [35]. In this paper, we assume
that the forward and backward channels are independent.
Therefore, from (1), the SNR at the BS can be expressed
as

Plhoy 1 hea|?
%T1(b) _ W. 3)

B. Topology 2 (T2): Relay-Assisted Backscattering

We consider a DF relaying protocol, where the transmission
is accomplished in two phases. In the first phase, the half-
duplex relay illuminates the A-IoT device with a carrier signal
s, and the backscattered signal is received at both the relay
and the BS. In the second phase, the relay forwards the
signal to the BS, depending on the decoding state at the relay
node in the first phase. Specifically, selection DF relaying is
considered [39], [40]. The relay sends information to the BS
only if it successfully decodes the symbol in the first phase;
otherwise, it remains idle. Thus, in the first phase, the received
signals at the relay and the BS are expressed, respectively, as

Yr1 =V aPhgrhrqcs + Ny, (4)
Yo1 = VPhyps + VaPhayheacs + np, &)

where n,.~ CN(0,02) and ny~ CN(0,02) are the AWGN
components at the relay and BS, respectively. From (4),
considering symmetric channels, the SNR at the relay is given
as

Plhya|*
e = el LQ L (©)

3The work in [38] demonstrated the implementation of a single-antenna
FDD reader that is compatible with ultrahigh frequency RFID systems.

Since the carrier signal is predefined and the channel state
information (CSI) h,.;, is assumed to be available at the BS,
the received carrier term v/ Ph,ps in (5) can be removed via
SIC before decoding c. Hence, the SNR at the BS in the first
phase can be expressed as

aP|hay||Pra|?

T2 __
W= @

In the second phase, if the relay correctly decoded the
backscattered signal in the first phase, it forwards the decoded
information to the BS, and the received signal is given as

Yoo = VPhypc + ny. (8)

The SNR at the BS in the second phase is given as

P|h|?
’Yng = T2 )]

C. Topology 3 (T3): UE-Assisted Backscattering

In this topology, we explore UE-assisted transmission,
where the UE aids the A-IoT device in transmitting its signal
to the BS. We consider two scenarios: UE-assisted uplink data
transmission and UE-assisted downlink data transmission.

1) T3(a): UE-Assisted Uplink Transmission: In this sce-
nario, the UE sends its information signal z, where E[|2?|] =
1, to the BS in the uplink direction. Simultaneously, it
illuminates the A-IoT device, which transmits a signal ¢ by
piggybacking on the UE signal using backscatter modulation
4. The received signal at the BS can be expressed as

Y = \/ﬁhubm + v aphabhuacx + ﬁb;

where 7y~ CN(0,0%) is the AWGN. The BS first decodes
the UE signal using SIC, treating the backscatter link as
interference, and the SNR for decoding x is

10)

4 Alternatively, the UE could send a known signal, such as a sounding
reference signal (SRS), enabling the BS to employ a UE-specific channel
estimator as a receiver for the A-IoT message. However, in this paper, we
focus on the information transmission for both the UE and the A-IoT device.
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Plhy|?
2 2 5"
ozP|hab| ’hua| + o7

T3(a) _
b,x -

(1)

After decoding the UE signal z, the BS can decode the
backscattered signal ¢ by removing the first term in (10), and
the SNR for decoding c is

2 2
L T3(@) _ aPhab|” |Pual

b,c 2
o

12)

It should be noted that the noise variance employed for
decoding the UE signal x is denoted as o2, which is greater
than o2, the noise variance used for decoding the signal c. In
fact, we define the noise variance in terms of the bandwidth,
as will be discussed in Section IV, considering that the A-IoT
device signal typically utilizes significantly less bandwidth
compared to the UE signal.

2) T3(b): UE-Assisted Downlink Transmission: In this sce-
nario, The BS sends the information signal z to the UE while
simultaneously illuminating the A-IoT device to modulate its
signal c. The received signal at the UE is expressed as

Yu = \/ﬁhbux + VaPhg,hyecr + Ny (13)

where n,~ CN(0,0%). The UE first decodes its own signal
by treating the backscatter link as interference. Thus, the SNR
for decoding x is derived as

Plhy,|”
2 2 5"
aP|haul| | hva|” + 07

T3(b) _

Vusz (14)

After decoding z and removing the first term in (13) using
the SIC technique, the UE decodes the backscattered signal
¢, where the SNR is given as

2 2
T3(b) _ aPlhau|"|a|

Vuye 15)

2
05

The UE then modulates and sends the decoded signal c to the
BS, and the received signal at the BS is given by

yp = VPhupc + np. (16)
The SNR for decoding c at the BS is then given by
2
Plh,
Jra) _ Plh) an

2
0o

III. OUTAGE PERFORMANCE ANALYSIS

In this section, we characterize the performance of the
different topologies presented in Section II in terms of outage
probability. An outage event of any topology occurs when
the transmission rate falls below a specific target threshold.
We derive closed-form expressions of the outage probability
of each topology. Additionally, to facilitate comparison, we
conduct an asymptotic analysis and evaluate the diversity
order of each topology.

A. Topology I (T1): Direct Connection with the BS

In this topology, we consider a target rate for the A-IoT
device, denoted as R,, and the achievable rate is expressed
as

R =logy(1+7;),

where 7 € {T1(a), T1(b)}.
1) Tl(a): Full-Duplex Receiver with Channel Reciprocity:
In this case, the outage probability is expressed as

(18)

PIN® = Pr[R™® < R,]

out
= Prf|hsa|* < 61, (19)

Ro . .
where 6, £ 2M—1’ and 7, = L is the transmit SNR. The

outage probabilitgl is derived in the following lemma.

Lemma 1. The outage probability for Tl(a) is given by

_Vo
Pif =1—¢ . 20)
Proof: Note that ‘hba’2 ~ exp(g,-). Using the trans-
formation of random variables identities, the CDF of }he
random variable |hba|4 is given by Fj;, 2(z) =1—e€ Pra.
Substituting this result into (19) gives (20). O

Corollary 1. At high SNR ~,, the asymptotic expression for
the outage probability of T1(a) is given as

PTl(a) o 7\/91
out,0o0 ~
’ Bba

Proof: Note that as v, — oo, #; — 0. Therefore, (21)
can be easily obtained from (20) by using the approximation
e® = 1 4 z for small values of x. O

It can be inferred from (21) that, at high SNR, the outage
[;robability scales as 1/,/7,, indicating a diversity order of

2y

5
2) TI(b): Frequency Division Duplex (FDD) : In this case,
from (18), the outage probability is expressed as

PTlt(b) — Pr[RTl(b) < Ro}
2 2
- Pr[{ha,,| e < 91] (22)
The outage probability is derived in the following lemma.

Lemma 2. The outage probability for TI(b) is given as

TIb) _q 40 46
Pout” =1 ﬁubéba LS ( ﬁabéba ) ’
where K, (z) is the modified Bessel function of the second

kind [41, Eq. (8.407.1)].
Proof: See Appendix A. |

(23)

Corollary 2. At high SNR, the asymptotic expression for the
outage probability of T1(b) is given as

= —ezlb ln(eglb).

P

out,00

(24)
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Proof: Using the approximation of Ki(x) as x — 0, we
have Ki(z) ~ 1+%1In(%) [42]. Therefore, 1 — 2K (z) =~
—giln(%) = —%hl(%). Applying this result in (23) as
Yo — oo (or equivalently #; — 0) gives (24). |

To gain additional insights, we investigate the diversity or-
der in the following analysis. According to [43], the diversity
order of topology 7 is defined as

log(P7,
dq- _ hm Og( out,oo) (25)
vo—oc log(70)

Corollary 3. The diversity order of the A-IoT device with
topology T1(b) is given as

drip) = 1. (26)
Proof: This result can be obtained using (24) and (25).
(]

B. Topology 2 (T2): Relay-Assisted Backscattering

Considering the half-duplex operation of the relay, the
achievable rate of the A-IoT device with this topology is given
by

RT2 — {; 10g2(1 +’Y;JI,‘%) ¥ < 2230 -1 (27)

$logo(1+7)5 +703) v =22 —1
The first case in (27) corresponds to the relay being unable
to decode the signal in the first phase. The second case
corresponds to the relay successfully decoding and forwarding
the A-IoT signal; in this case, the SNR of the combined
maximum ratio combining (MRC) signal at the BS is the sum
of the received SNRs during the first and second phases of
transmission [44]. From (27), the outage event occurs either
when the relay fails to decode and the A-IoT device-BS link is
in outage, or when the relay successfully decodes, but both
the A-IoT device-BS link and relay-BS link are in outage.
Thus, the outage probability is expressed as

Pr, = Pr[R™ < R,|
=Pr {7?2 < 22 _ 1} Pr [bef < 220 _ 1}
+Pr[yf2 > 220 — 1] Pr[yf2 4 o3 < 220 — 1.

(28)

The expression for the outage probability of T2 is given in
the following lemma.

Lemma 3. The outage probability of T2 is given as

_ Vb2 402
P;;:(l—e ﬂm)(1—,/ 465 K( )
! Bavfra 1 5abﬂr(z>
afo

2¢e Brb

1— 40, pe ( 46, ) _
|: Babﬁru 1 BabBra Babﬁra

N
o, 20205+ D) 402(¢;+1) 2
X (2]\[26 e KO(\/ %BusbBra )\/ 1=¢3 ]|

(29)

22R0 1

where 6, £ o P £ cos[(2j —2)7/(2N)], and N is an
accuracy-complexity tradeoff parameter.
Proof: See Appendix B. |

Corollary 4. At high SNR, the asymptotic outage probability
of T1(a) given in (29) is expressed as

Poitoo = (1 - e_\ﬁ/’?) (1 - ﬁateﬁmm( ﬁieﬁ))

- (52) G ()

61‘(1 ﬁabﬁra Babﬁru .

Proof: The first equality in (30) is obtained as the
second term in (29) approaches zero when 7, — oo. The
second equality can be derived using the approximation
e® =~ 14z when  — 0, and the approximation 1 —z K (z) =
—% ln(’%f) as discussed in the proof of Corollary 2. O

(30)

Corollary 5. The diversity order of the A-IoT device with
T2 is

3

drg = 3 3D

Proof: This result can be obtained using (25) and (30).
O

Remark 1. It follows from Corollary 1 that the asymp-
totic outage probability of Tl(a) scales as POTult(Zl o~
Moreover, from Corollary 2 and Corollary 3 we 7f)ind
that the asymptotic outage probability of TI1(b) scales as
P(JT&(E.Z o ,Yi This indicates that T1(b) offers superior
asymptotic pef*formance compared to T1(a). Conversely, ac-
cording to Corollary 5, P13 o —, suggesting that T2
achieves a higher diversity order thaArylu both T1(a) and T1(b).
However, it should be highlighted that although T2 employs
two paths between the A-IoT device and the BS, the achieved
diversity order is less than two. This can be explained by the
operational differences from the conventional DF protocol,
as discussed in [39], which achieves a diversity order of two.
Specifically, in the first phase of T2, the relay intercepts the
A-IoT signal via a round-trip path, and the received signal at
the BS is subject to the effects of two multiplicative channels,

which impacts the overall performance.

C. Topology 3 (T3): UE-Assisted Backscattering

In this topology, the SIC technique is applied at the receiver
to decode both the UE signal = and the A-IoT signal c.
Since z is decoded first, the probability of an outage event
when decoding ¢ depends on the outage conditions of both
the UE and AloT signals. In the following analysis, in
addition to the designated target rate R, for A-IoT device
transmissions, a specific target rate R; is also established for
UE transmissions. First, we investigate the outage probability
for the A-IoT signal in both T3(a) and T3(b). Then, we
examine the outage probability of the UE signal within the
context of T3(a).

1) T3(a): UE-Assisted Uplink Transmission: According to
the SIC principle, an outage event of the AloT signal occurs
when the BS fails to decode either the UE signal or the A-IoT
signal, and the outage probability can be expressed as
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p@ _q_pp

out,c

[pa® 2 27 =1, 0@ 2 9fe —1].
(32)

Lemma 4. The outage probability of the A-1oT signal in T3(a)
is given as

1—e Bu A/ B :g e2rBabPua Wfé,(] (ﬁ)
N
0 p01($;+1) /7 %
1 2 :eij KO (2 azlﬁ(¢:;‘1 ) ¢2:|

_ R 2Bua
Nﬂabﬂua =0
(33)

|

PTB(a)

out,c

Proof: See Appendix C.

Corollary 6. At high SNR, the asymptotic expression for the
outage probability given in (33) is expressed as

Nﬁabﬂua =0
(34)

Proof: The result can be obtained using the high SNR
approximation principles and using the identity Ko(z) =
—In(x) [45, Eq. (10.30.3)]. Moreover, the first term inside the
bracket in (33) is equal to one since \/Eez/QW_;70(x) -1
for sufficiently high x [46]. Incorporating these results into
(33) gives (34). O

2) T3(b): UE-Assisted Downlink Transmission : In this
topology, an outage event occurs either when the UE fails
to decode either the BS signal or the A-IoT signal, or when
the UE decodes both signals correctly but the BS fails to
decode UE signal transmitted in the second phase. Thus, the
outage event can be described as follows

PTB(a)

out,c,00

[{,YT?)(b) < 9Ro _ 1)U {,yTiz(b) < 92Ro _ ~1)
U[{,YTS(b) > oo _ 1N {,y;i:i(b) < 92Ro _ 1}
N{Yp.e -1}

Accordingly, the outage probability can be expressed as

T3(b)

< 228 (35)

PO _q_pp

out,c

{ T3(b) > o 1, ,YT3(b) > 92Ro _ 1}
+Pr[ Ti;(b) > 9 _q ,yT3(b) > 92Ro _ 1]
x Pr[ T3(b) o 92Ro _ 1} (36)

Lemma 5. The outage probability of the A-IoT device in
T3(b) is given as

203 _ Bbu
— 1 _ o Bou [ Bbu ©20BauBa Bou
- 1 € b |: pﬁauﬂba g b W_%70 (/)Bauﬁba )
pO2(P;+1) \/W %2
( 25auﬂba ) ¢

Nﬁauﬁba g ¢ KO
(37)

pT30)

out,c

where W, ;(z) is the Whittaker function [41, Eq. (9.220.4)].
Proof: See Appendix D. |

Corollary 7. At high SNR, the asymptotic expression for the
outage probability given in (37) is expressed as

N

(38)
Proof: The result stated in (38) can be proved using a

method analogous to the one applied in the proof of Corollary
-6. O

Corollary 8. The diversity order of the A-IoT signal for T3(a)
and T3(b) are

prs®)

out,c,00 —

02(¢;+1)
2BauBba

w0 Zl (

Nﬁauﬁba =0

dr3(a) = dr3m) = 1. (39)
Proof: From (25), (34), and (38), it can be shown that
each term in the summations in (34) and (38) has a diversity
order of one. Therefore, the overall weighted sum, which is a
sum of such terms, will exhibit a similar trend in its behavior
as v, — oo; thus, we obtain (39). OJ
3) Outage Probability of UE in T3(a): While the main
focus in this paper is on the A-IoT system, T3 includes both
UE and A-IoT signals. Thus, in this subsection, we derive the
the outage probability of the UE’s signal x to examine how
A-IoT transmission affects the UE performance. The outage
probability is given by

PTS(a)

o Pr[ T3) - gfr _ 1}. (40)

Lemma 6. The outage probability of the UE signal in T3(a)
is given by

_ 93
T3(a) _ 1 _ 2€ P [ BuaBun B
Pout,x =1- Bab/@ua : 4p L€ 2PPabPua Wi%’o pﬁabgua :
(41)
Proof: See Appendix E. O

Corollary 9. At high SNR, the asymptotic expression for the
outage probability given in (41) and the diversity order are,
respectively, given by

P(Iftfz?oo =1- ﬂabzﬂua /ﬁahﬁuaﬁub ngimw ( ﬁf;gw
(42)
dTS(a),a; =0. (43)

Proof: Equation (42) can be easily derived using high
SNR approximation principles, and (43) follows from (25)
and (42). O

Remark 2. From Corollary 9, we observe the following: 1)
the outage probability of the UE approaches a fixed value
at high SNR, indicating the presence of error floors that
affect the diversity order; 2) the outage probability of the
UE increases with «. On the other hand, from Corollaries
1, 2, 4, 6, and 7, we see that in the high SNR regime, the
outage probability of the A-IoT signal decreases with a.

)
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Fig. 2. Illustration of the simulation configuration indicating the distances
of the different links for all topologies.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we evaluate and compare the performance of
different A-IoT topologies using both analytical expressions
and Monte Carlo simulations. We also discuss practical con-
siderations and potential extensions within the broader context
of emerging A-IoT research.

A. Numerical results

In this subsection, we numerically evaluate the performance
of the proposed schemes considering 106 Monte Carlo trials
to verify the analytical results. Unless otherwise stated, we set
P =30dBm, o = 0.5, R, = 0.2 bps/Hz and R; = 1 bps/Hz.
We define the noise variances as a function of the bandwidth:
0% = N,B,, and 0? = N,B;, where N, = —174dBm/Hz is
the thermal noise power spectral density [3], B, = 10kHz,
and B; = 1.4MHz [47]. The channel gain 3;; = Qdi_j’g,
where Q) = (3:;}98)2 is the average channel attenuation at
unit reference distance with f = 915MHz [5] as the transmit
frequency, d;; is the distance between the nodes 7 and j, and
¥ = 3 is the path loss exponent.

For a fair comparison, the distances between the differ-
ent nodes are considered as in Fig. 2. The parameter d;
represents the distance of the backscatter link, and is kept
identical across all topologies. Unless otherwise stated, we
set dy = 10m, and de = 3d;. In the T3 configuration, the
A-IoT device is positioned between the BS and the UE. In
contrast, in the T2 configuration, the A-IoT device is typically
located near the relay node. As a result, both the relay and
the A-IoT device are situated at a distance do from the BS.
Additionally, T2 includes a direct backscatter link between
the A-IoT device and the BS.

Figure 3 illustrates the outage probability versus P. The
analytical and simulation results are in close agreement,
and the asymptotic results validate the expected high-SNR
behavior. As P increases, the outage probability decreases
across all topologies, indicating improved reliability. The
derived diversity orders—3, 1, 3, 1, and 1 for T1(a), T1(b),
T2, T3(a), and T3(b), respectively—are clearly reflected in
the simulation trends. At practical power levels (e.g., above
15 dBm), T2 exhibits the best performance due to its superior
diversity, as discussed in Remark 1. T1(b) offers a compelling
balance between diversity and hardware simplicity, making it
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Fig. 3. Outage probability versus the transmit power P for the different
topologies.
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Fig. 4. Outage probability versus the distance of the backscatter link d1, for
the different topologies, with do = 40m.

a promising candidate for practical A-IoT deployments. T3(a)
outperforms T3(b), which is constrained by the half-duplex
operation at the UE. T1(a) shows the weakest performance at
high SNR, primarily due to limited power scaling. It is also
worth noting that the performance of T3 is more sensitive
to the relative placement of the A-IoT device to surrounding
nodes—a factor that will be further explored in Fig. 4.
Figure 4 shows the outage probability as a function of the
backscatter link distance d;, with do fixed at 40 m. For T1
and T2, the performance degrades as d; increases, with T2
consistently outperforming T1(a) and T1(b) across all dis-
tances. At larger d;, the performance gap narrows, indicating
convergence in their reliability. In contrast, T3 exhibits a non-
monotonic trend. At short distances (d; < 10m), T3 shows
the poorest performance among all topologies. However, as
d; increases beyond 10m, its performance improves and
eventually surpasses the others. This is due to the decreasing
dy — dy separation (as shown in Fig. 2), which brings the
A-IoT device closer to the source signal, effectively forming
a bistatic backscatter setup with stronger illumination. Thus,
UE-assisted backscattering is particularly effective at longer
backscatter link distance d;. It is also worth noting that T1(b)
achieves performance comparable to T2 across the full range
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Fig. 6. Outage probability against the reflection coefficient « for the different
topologies.

of backscatter distances, highlighting its potential as a simpler
yet effective alternative.

Figure 5 illustrates the outage probability versus the dis-
tance do, with d; fixed at 10 m. T2 consistently outperforms
all other topologies across the entire dy range. Moreover, the
rate of performance degradation associated with T2 is signifi-
cantly lower compared to that observed with T3, highlighting
its robustness—primarily due to the active transmission capa-
bilities at the relay node. In contrast, T1(a) and T1(b) remain
unaffected by changes in do, as their performance depends
solely on d;.

The outage probability versus the reflection coefficient «
for the different topologies is plotted in Fig. 6. The perfor-
mance of all topologies improves as the reflection coefficient
increases, consistent with the aforementioned analysis. Addi-
tionally, it is shown that at = 0.1, both T1(b) and T2 exhibit
similar performance. However, as « increases, a noticeable
performance gap emerges, with T2 outperforming T1(b),
highlighting the influence of « on their relative performance.
The same observation applies to T1(a) and T3(a).

Figure 7 shows the outage probability as a function of
the target rate R,. As expected, reducing R, improves the
outage performance across all topologies. At low rates (e.g.,
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Fig. 8. Outage probability against transmit power P for different values of
a, with R, = 0.2 bps/Hz, and R; = 2bps/Hz.

R, < 1.1 bps/Hz), T2 achieves the best performance. How-
ever, its performance declines more rapidly with increasing
R,, due to the spectral efficiency loss introduced by half-
duplex relaying. At higher rates, T1(b) becomes more efficient
than T2. The performance of T3(b) also degrades sharply at
higher R,, attributed to the overhead of its two-phase UE-
assisted forwarding. Note also that T3(a) outperforms T1(a)
at low rates, but their performance converges as R,, increases,
indicating a reduced performance gap. This suggests that
the optimal topology depends on the operating rate and the
system’s tolerance to complexity and spectral efficiency trade-
offs.

While this paper primarily focuses on the outage perfor-
mance of A-IoT backscatter transmission, Fig. 8 examines its
impact on the performance of the primary UE in T3(a). The
figure shows the outage probabilities of both the UE and A-
IoT signals versus the transmit power P for different values of
the backscatter coefficient a.. As expected, the UE consistently
outperforms the A-IoT signal due to the latter’s passive nature.
Two key observations arise under parasitic communication,
where the backscatter signal acts as interference to the UE.
First, the UE signal exhibits an error floor at high SNR,
as discussed in Remark 2. Second, a trade-off emerges:

Copyright © 2025 Institute of Electrical and Electronics Engineers (IEEE). Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or
future media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works ( https://journals.ieeeauthorcenter.ieee.org/become-an-ieee-journal-author/publishing-ethics/guidelines-and-policies/post-publication-policies/ ).



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
Citation information: DOI: 10.1109/TCCN.2025.3586219, IEEE Transactions on Cognitive Communications and Networking 10

increasing o improves A-IoT performance but degrades UE
performance, especially at high SNR. This suggests future
work could explore optimizing « to meet quality of service
(QoS) requirements for both links. It is also noted that the
outage probability of the UE in T3(b) mirrors that in T3(a),
owing to their symmetric configurations. Therefore, Fig. 8
focuses exclusively on T3(a).

It is worth noting that there are two main SR setups,
depending on the relative symbol durations of the primary
and backscatter systems. In the commensal SR, where the
backscatter symbol duration is much longer, the backscattered
signal can enhance the primary transmission as an additional
multipath component. In contrast, the parasitic SR assumes
similar symbol durations, causing the backscatter signal to
act as interference. In this paper, we adopt the parasitic SR
model [26]-[31], [48], as our main objective is to evaluate
the outage performance of the A-IoT system. Although this
setup may degrade the primary system at high SNR, the
effect can be controlled by tuning the reflection coefficient,
as shown in Fig. 8. Notably, the parasitic setup is expected
to provide better outage performance for A-IoT compared
to the commensal case. This is because the commensal
model requires a much longer A-IoT symbol duration, which
reduces the spectral efficiency. Consequently, for a given
target rate, the outage performance of the A-IoT system in the
commensal configuration is typically worse. Investigating the
trade-off between these two SR modes in the A-IoT context
is a promising direction for future research.

B. Practical Considerations and Future Extensions

In this subsection, we address several practical aspects
and open issues related to the discussed A-IoT topologies.
These include energy harvesting considerations, interference
management, channel estimation strategies, and emerging
techniques relevant to A-IoT systems.

1) Energy Harvesting : In this study, the energy harvesting
model is excluded from the outage analysis for two reasons.
First, our main objective is to compare the performance of
the different topologies, and including an explicit energy
harvesting model would significantly complicate the analysis
without altering the key comparative insights. Second, even if
such a model were considered—by adding equivalent terms
to the outage probability expressions—it would not affect
the relative performance comparison, as it would impact all
topologies equally.

Nonetheless, energy harvesting remains a fundamental en-
abler for battery-free A-IoT device operation. In fact, the
efficiency of harvesting depends not only on ambient en-
ergy sources—such as RF signals, light, motion, or thermal
gradients—but also on the device’s connectivity topology. In
T1, devices rely primarily on RF energy from the BS. How-
ever, large distances, particularly in macro-cell deployments,
often result in insufficient power levels for efficient harvest-
ing. Supplementary sources such as solar or thermal energy
can enhance feasibility. Small-cell deployments mitigate this
issue by bringing the BS closer to the devices. T2 benefits
from relays located near A-IoT devices, acting as strong RF
energy sources and enabling reliable energy harvesting. In T3,
opportunistic RF sources such as smartphones (T3a) or BS

transmissions (T3b) provide energy harvesting opportunities.
Although nearby UEs can deliver relatively strong RF power
at close range, the availability is sporadic and proximity-
dependent. Thus, T3 devices often supplement RF harvesting
with solar or motion-based sources to maintain operation
between communication events. A detailed study of energy
harvesting models tailored to each individual topology, and
their resulting impact on outage performance, remains an
interesting direction for future work.

2) Interference and Scalability Considerations: In prac-
tical A-IoT deployments, devices modulate ambient signals
within their antenna bandwidth, which can potentially intro-
duce adjacent-band interference due to the dense packing of
cellular frequencies. To mitigate this, integrating RF filters
into A-IoT devices may be necessary, albeit at the cost
of increased hardware complexity and energy consumption.
Nevertheless, since the power of backscattered signals is typ-
ically much lower—by several tens of decibels—compared to
active transmissions, the risk of causing harmful interference
remains minimal. Furthermore, when the symbol duration is
sufficiently long, as in SR setups, the backscattered signal
may appear as an additional multipath component that could
enhance the primary transmission performance [23]. Still,
interference among adjacent backscatter devices, particularly
in multi-operator environments, remains a challenge. To sup-
port large-scale deployments, it will be crucial to establish
certification processes and regulations power limits aligned
with 3GPP network density and spectrum usage guidelines.

Besides adjacent-band issues, co-channel and self-
interference also impact system scalability and outage be-
havior. In monostatic topologies such as T1 and T2, the
strong illumination signal can cause self-interference at the
receiver, potentially masking the weak backscatter unless
advanced cancellation methods are employed [36]. In dense
A-IoT networks, simultaneous reflections from multiple de-
vices sharing the same channel may lead to increased mutual
interference, thereby degrading reliability. Recent work [49]
has demonstrated that constructive interference can be ex-
ploited via beamforming and tag selection to enhance signal
strength and reduce mutual interference in dense backscatter
systems. Topologies like T2 could mitigate this through relay
clustering, while T3 benefits from leveraging existing UE
scheduling and filtering to reduce contention. Nonetheless,
the lack of coordination among passive devices makes inter-
ference management a critical scalability concern, warranting
further study to quantify its effect on outage probability under
realistic network densities.

3) Channel Estimation : In this paper, we assumed that
the CSI is available at the receiver. Here, we illustrate how,
in practice, CSI could be obtained for each topology. In
T1, the channel estimation can be done at the BS using
backscattering during the training phase, where the A-IoT
device modulate a predefined sequence [37]. For T3, consid-
ering similar procedure as in [23], the receiver can estimate
CSI for both the primary link and the backscatter link. In
practice, the CSI can be obtained through a two-step training-
based estimation process. First, the A-IoT device switches its
impedance to a matched (non-backscattering) state, allowing
the receiver to estimate the direct primary link channel. Then,
the A-IoT device switches to a fixed and known backscatter
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state, during which the receiver measures the composite
channel. By subtracting the previously estimated direct-link
component from the composite measurement, the receiver
obtains the backscatter link channel. For T2, the relay (acting
as a monostatic reader) can similarly estimate the relay—
device channel as in T1, while the relay—BS link is obtained
through conventional channel estimation on the active relay
link. If a direct device-BS (bistatic) link exists, the BS can
estimate it by using pilot training sent from the relay and
following similar procedure described for T3, to infer the
bistatic multiplicative link. It is worth mentioning also that
in T3, SR setups that exploit legacy reference signals (e.g.,
LTE-CRS or SRS) allow receivers to decode A-IoT signals via
their channel estimators [35], enabling seamless integration of
A-IoT into existing cellular infrastructure eliminating the need
for dedicated backscatter receiver or additional hardware in
BS or mobile phone.

4) Backscatter Receiver Sensitivity: In practical deploy-
ments, the activation of A-IoT devices depends critically on
the sensitivity of their wake-up radios (WuRs) or backscatter
circuits. If the received signal power at the A-IoT device
falls below a certain threshold, the device cannot harvest
sufficient energy or detect the signal, preventing successful
backscatter communication. The circuit sensitivity constraint
impacts each topology differently. In T1, high path loss in
macro-cell deployments may prevent activation unless WuRs
with high sensitivity (e.g., below —60 dBm) are employed, or
unless network densification strategies are adopted. Small-
cell deployments partially mitigate this issue by reducing
distances. In T2 (relay-assisted), proximity to a relay signif-
icantly improves the likelihood of satisfying the sensitivity
requirement, enabling the use of ultra-low-power WuRs. In
T3(a), the UE may embed a wake-up tone in its uplink,
while in T3(b), the BS or a nearby UE can deliver the wake-
up signal. However, variable signal strengths and potential
interference must be accounted for.

For simplicity, in this study we assume that the A-
IoT device receives sufficient incident power to activate its
backscatter circuit. Future work could incorporate activation
probability modeling to further refine outage performance
evaluations under realistic sensitivity constraints.

5) Channel Modeling: In this work, we assume Rayleigh
fading for all wireless links, consistent with the majority
of prior works in backscatter communication [11], [20],
[22]-[33], as well as the recent 3GPP A-IoT study [50].
This choice enables analytical tractability and facilitates fair
performance comparison across topologies under uniform
channel assumptions. While backscatter communication often
involves short-range links with strong line-of-sight (LoS)
components—where Rician fading may be more accurate
[49]—the Rayleigh model serves as a conservative assump-
tion, providing a worst-case performance baseline. Incorporat-
ing Rician fading as a function of the K-factor is a promising
direction for future work.

6) Emerging Techniques in Backscatter Communication:
In this paper, we focused on the fundamental A-IoT topolo-
gies outlined in the recent 3GPP study, as they represent
practical and currently standardized deployment scenarios.
Beyond these topologies, several advanced paradigms—such
as cooperative backscatter systems [51], hybrid active-passive

communication schemes [52], and RIS-assisted backscatter
communication [52], [S3]—have attracted increasing research
interest. These approaches offer promising benefits, including
improved link reliability, enhanced energy efficiency, and
greater deployment flexibility. Extending the current analyti-
cal framework to incorporate these emerging techniques is a
valuable direction for future research.

V. CONCLUSIONS

In this paper, we investigated various backscatter-based
connectivity topologies for A-IoT communication, deriving
the outage probability for each topology and providing a
fair performance comparison. The analytical and simula-
tion results offered valuable insights into the reliability of
each topology under different system parameters and de-
ployment conditions. Specifically, the findings show that for
shorter backscatter link distances, relay-assisted backscat-
tering (T2)—which offers performance comparable to, but
generally better than, T1(b)—is preferable. In contrast, UE-
assisted configurations are more effective at longer backscat-
ter ranges. Furthermore, while T2 achieves superior perfor-
mance at lower transmission rates, T1(b) outperforms T2 at
higher rates due to the spectral efficiency loss introduced
by the half-duplex constraint at the relay, highlighting its
potential as a simpler yet effective alternative.

It is important to note that optimal topology selection
depends on the specific application requirements and de-
ployment environment. The topologies analyzed in this study
represent the fundamental configurations highlighted in the
recent 3GPP A-IoT study, offering a baseline for performance
and diversity-order comparison. These findings can serve as
a foundation for future research and system design. Potential
extensions include supporting multiple A-IoT devices, explor-
ing alternative relaying protocols such as amplify-and-forward
(AF), and implementing full-duplex transmission at the relay
or UE.

APPENDIX A
PROOF OF LEMMA 2

Before proving (23), we introduce a useful distribution in
the following proposition.

Proposition 1. If X; ~ exp(3-) and Xy ~ exp(z;), then

the CDF and PDF of the random variable X £ X; X5 are,
respectively, given as

Poo@ =1-GEm(/a) @
2 <
oo =gak(as) @
Proof: The CDF of X can be obtained as
Fx,x,(z) = Pr[X1 X, < 2]
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Solving the last integral in (46) using [41, Eq. (3.324.1)], we
obtain (44). The PDF is obtained then by differentiating (46)

. T3(a) _
with respect to x as follows out,e. = 1=
1 1 (T2 PI’|: hub P hab hua + 9 ab hua > 0 ]
leXQ(x): / e (’61”2_‘—[32)(1%2 (47) ‘ ‘ ’ ‘ ’ ‘ 3 ‘ ’ ‘ 1
B152 T2 Y
Solving the last equation using [41, Eq. (3.471.12)], (45) is (5D
obtained. O

where 03 = 2;;1;21, and p £ «a(2f* — 1). We find the

Now, substituting (44) in (22), (23) is obtained. 2
probability I3 as follows
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as that in Lemma 2, it is straightforward to show that
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Pr {|hab| |hm| < 92] =1- 5a4be§m Ky ( Biaﬁ%m )- Now,  The first integral in the forth equality in (52) is solved using
we find 77, which is given as the identity [41, Eq. (6.614.4)]. By substituting (52) into (51),
we obtain (33).
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Substituting (50) into (49) and then into (48), (29) is obtained. duation (54) is obtained following similar steps as those for

finding I3. Substituting for I, and I5 into (53) gives (37).
APPENDIX C

PROOF OF LEMMA 4 APPENDIX E
o . .. PROOF OF LEMMA 6
Substituting (11) and (12) into (32), the outage probability

can be expressed as Substituting (11) into (40), we get
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Solving the last integral using [41, Eq. (6.614.4)] gives (41).
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