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Abstract— In this work, we consider a monostatic backscatter
communication system employing successive interference cancel-
lation where a reader simultaneously serves multiple backscatter
tags or nodes (BNs). To minimise collisions, each BN randomly
chooses a sub-frame to backscatter the continuous wave signal
transmitted by the reader only if its received power is above a
backscatter threshold. The reader then employs successive in-
terference cancellation technique to resolve the resulting smaller
number of collisions. Using stochastic geometry, we derive an
approximate yet accurate expression for the average number
of successfully decoded BNs. Our derived expression allows the
system performance to be predicted numerically and also allows
us to determine the backscatter threshold to maximize the system
performance.

Index Terms—Backscatter communication, successive interfer-
ence cancellation, stochastic geometry, Poisson point process.

I. INTRODUCTION

Next generation Backscatter communication (BackCom)
systems, which allow a tag or node to transmit data by
reflecting and modulating an incident RF wave, are expected
to play a key role in the future Internet-of-things [1], [2].
In this regard, multiple-access monostatic BackCom systems,
where a single reader decodes information from multiple
backscatter tags or nodes (BNs), have attracted a lot of recent
attention [3]–[6]. The key challenge in such systems is how to
deal with the collisions when two or more nodes backscatter
at the same time. The performance of a backscatter sensor
network where frequency modulation and directive antennas
were employed to reduce the collisions was analyzed in [3].
A collision avoidance approach based on compressive sensing
was developed in [4]. An energy beamforming scheme was
proposed in [5] to avoid collisions, with the BNs accessing
the reader in a time division multiple access fashion. A non-
orthogonal multiple access pairing scheme for near and far
nodes was proposed in [6], to enable the reader to distinguish
transmissions from two paired BNs with suitably designed
reflection coefficients. A limitation of all of the above works
is that they assume the number of BNs is fixed.

In some use cases the number of BNs can be random,
e.g., in sensor networks when a large number of BNs are
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deployed. The probability of being decoded for a typical BN
with different collision resolution methods, i.e., directional
antennas, successive interference cancellation (SIC) and ultra-
narrow band transmissions, was investigated in [7] by mod-
elling the BNs as a Poisson Point Process (PPP). Similar
to [7], as a relatively amenable technique [8], [9], the SIC
is also considered in this work to reduce the collision caused
by multiple BNs. However, for the SIC technique in [7], the
authors did not investigate any mechanism to improve the
system performance by utilizing the property of BackCom
system. This important shortcoming is addressed in this work.

Contributions: The major contributions of this work are:
(i) To minimise the number of collisions in a multiple-access
monostatic BackCom system, we introduce the concept of a
backscatter threshold, i.e., each BN randomly chooses a sub-
frame to backscatter its signal only if the received power
is above the backscatter threshold. By first ensuring that
only a few nodes collide at any time, any collisions are
then efficiently resolved by the reader using SIC. This idea
makes use of the BackCom system’s characteristic; (ii) We
leverage stochastic geometry and propose an approximate yet
accurate analytical framework to evaluate the overall network
performance in terms of the average number of successfully
decoded BNs. Compared to existing literature, the proposed
framework provides more accurate results in the relatively low
signal-to-interference-plus-noise ratio (SINR) threshold region
and the scenario with smaller number of accessing BNs; (iii)
Our results show that there is an optimal backscatter thresh-
old which maximizes the system performance. Additionally,
the number of sub-frames needs to be selected carefully to
minimise the underutilization of sub-frames while operating
at close to the best system performance.

II. SYSTEM MODEL

Consider a monostatic BackCom system with a single reader
and multiple BNs. Let the reader be located at the origin o
and the BNs be denoted by a PPP Φ = {xi} in R2, where x
represents the location of a BN. In general, the BNs are more
likely to be clustered around the reader. Hence, we adopt a
clustered network model from [8], i.e., the density function
of BNs is given by λ(x) = λ̄||x||b, where ||x|| denotes the
distance between a BN and the reader and b ∈ (−2, 0). The
reader is transmitting the continuous wave (CW) signal all
the time and its transmit power is denoted by PT . The self-
interference from the reader is assumed to be removed. All
the wireless links experience the path-loss plus the identically
distributed (i.i.d.) Nakagami-m block fading. Let α and h
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denote the path-loss exponent and fading power gain on the
wireless link, respectively. We assume that the forward and
backward links between the reader and a BN are reciprocal
[5], [6], [10], [11] and all links experiences additive white
Gaussian noise with variance σ2.

Proposed collision reduction mechanism: We consider that
time is divided into frames of duration T and each frame
is further divided into T sub-frames. To efficiently reduce
the collisions, we propose that each BN randomly and inde-
pendently selects one sub-frame to access and communicate
with the reader. In addition, each BN backscatters the signal
if and only if the instantaneous received power is above a
backscatter threshold ρ. The BNs satisfying the condition
(i.e., PTh||x||−α ≥ ρ) are known as active BNs. A BN in
backscatter phase varies its impedance to modulate and reflect
the incident CW signal in order to access and communicate
with the reader. The BNs not meeting the condition keep silent
and are known as inactive BNs. Thus, each BN has two phases
in one time frame, namely the backscatter phase (of duration
1/T ) and the waiting phase (of duration (T − 1)/T ). We
refer to 1/T as the duty cycle. In this work, we focus on
the backscatter phase.

We consider BPSK in this work and the reflection coefficient
ξ is assumed to be the same for all BNs. Then the backscat-
tered power at an active BN is ξPTh||x||−α and the received
power from an active BN at the reader is PT ξh2||x||−2α.

SIC assumptions: For a certain sub-frame, there can be
multiple active BNs accessing the reader simultaneously. To
resolve the collisions, we employ SIC in this work. Similar
to [7]–[9], we assume that the perfect channel state informa-
tion for active BNs is available at the reader and adopt the
stronger-to-weaker decoding order. Under this decoding order,
the reader will first decode the strongest instantaneous received
power and treat other signals as interference. If the SINR is
greater than a SINR threshold γ, the strongest signal can be
successfully decoded and extracted from the composite signal.
The reader then proceeds to decode the second strongest signal
and so on. We include the error propagation in this work. That
is to say, if the j-th strongest signal fails to be decoded, the
reader will stop decoding the succeeding signals. Furthermore,
due to the constraint on computational complexity and delay,
we assume that the total number of BNs whose signal can be
decoded is limited to Nmax.

III. SYSTEM PERFORMANCE

A. Average Number of Decoded BNs in One Time Frame

The metric used to characterize the BackCom system perfor-
mance is the average number of decoded BNs. It is defined as
the average number of BNs whose information is successfully
decoded by the reader in one time frame. Mathematically, it
can be formulated as

K̄total = TK̄ = T
∑Nmax

j=1
psuc,j , (1)

where K̄ is the average number of BNs whose information is
decoded successfully in one sub-frame and psuc,j is the average
probability that j-th strongest signal is successfully decoded
in one sub-frame.

In the following, we focus on the performance in one sub-
frame. Note that selecting a sub-frame can be regarded as
an independent thinning process for the original PPP Φ [12].
Hence, the location of BNs selecting one typical sub-frame
is a PPP with density 1

T λ̄||x||
b and we define λ̃ , 1

T λ̄. The
main challenge in (1) is determining psuc,j . We first present
the following four lemmas which help to evaluate psuc,j . The
proofs for these lemmas are presented in Appendix A.

Lemma 1: Let Ξ = {yi} , {||xi||α/hi} denote the path-
loss and fading random process in one sub-frame. PT y−1

i can
be viewed as the received power at the i-th BN and we call
yi as the i-th node in Ξ. Then Ξ is a one-dimension PPP
with density function λ(y) = 2πλ̃yb̃−1E

[
hb̃
]
/α and intensity

measure Λ([0, y]) = 2πλ̃yb̃E
[
hb̃
]
/(b+2), where b̃ , b+2

α and

E
[
hb̃
]

= Γ
[
m+ b̃

]
m−b̃/Γ[m] when the channel experiences

Nakagami-m fading. For the PPP Ξ, the number of nodes
satisfying y ≤ β , PT /ρ, k, is a Poisson random variable
with mean Λ([0, β]). Its probability mass function is

PrK(k) = (Λ([0, β]))k exp (−Λ ([0, β])) /k!. (2)

Lemma 2: For the PPP Ξ, the conditional probability density
function (pdf ) of the distance of the q-th nearest node to the
origin, y(q), conditioned on y(q) ≤ β , PT /ρ, is

fy(q)|y(q)≤β
(
y(q)

)
=
b̃
(Λ([0,y(q)]))

q

(q−1)!y(q)
exp

(
−Λ([0, y(q)])

)
Fy(q)(β)

, (3)

where 0 ≤ y(q) ≤ β and Fy(q)(β) is presented in (14). The
bracket in the subscript indicates the nodes are ordered and
PT ξy

−2
(q) can be considered as the q-th strongest power received

at the reader.
Lemma 3: Under the PPP Ξ = {yi}, for any node satisfying

yi ≤ β, the distribution of the distance between the node and
the origin is i.i.d. and this conditional pdf is given by

fy|y≤β(y) = b̃yb̃−1/β b̃, 0 ≤ y ≤ β. (4)

Lemma 4: Under the PPP Ξ = {yi}, given that there are nt
nodes satisfying yi ≤ β, the conditional pdf of the distance
from the q-th nearest node to the origin y(q) is

fy(q)|nt
(
y(q)

)
=
nt!
(
yb̃

βb̃

)q−1(
1− yb̃

βb̃

)nt−q
b̃y

b̃−1

βb̃

(nt − q)!(q − 1)!
, (5)

where q ≤ nt and 0 ≤ y(q) ≤ β.

B. Performance Analysis

For the considered system setup, each decoding step under
the SIC is correlated, e.g., whether the j-th strongest signal
can be decoded successfully depends on whether the j − 1-th
strongest signal can be successfully decoded. For analytical
tractability, we assume that each decoding step is indepen-
dent [7]. The approximated result for psuc,j is presented in the
following proposition.

Proposition 1: According to the system model in Section
II, by assuming that each decoding step is independent, the
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average probability that the j-th strongest signal is successfully
decoded is approximated by

psuc,j ≈ PrK(k ≥ j)
j∏
t=1

psuc,t|k≥j(t, k, j), (6)

where PrK(k ≥ j) is the probability that the number of active
BNs k in one sub-frame is equal or greater than j. Using
Lemma 1, it is given by

PrK(k ≥ j) = 1−
j−1∑
l=0

PrK(l) = Fy(j)(β). (7)

In (6), psuc,t|k≥j(t, k, j) is the conditional probability that
the t-th strongest signal is successfully decoded, which is
conditioned on that the number of active BNs k in one sub-
frame is equal or greater than j. Note that the t− 1 stronger
signals are assumed to be successfully decoded and removed.
It is expressed as

psuc,t|k≥j(t, k, j) =

PrK(k ≥ t)pp
suc,t|k≥t(t)−

∑j−1
l=t PrK(l)pb

suc,t|k=l(t, l)

PrK(k ≥ j)
, (8)

where pp
suc,t|k≥t(t) is the conditional probability that the t-th

strongest signal is successfully decoded, given that the number
of active BNs k in one sub-frame is equal or greater than t,
and pb

suc,t|k=l(t, l) is the conditional probability that the t-th
strongest signal is successfully decoded, given that the number
of active BNs k in one sub-frame is equal to l. The superscript
p (or b) indicates that the derivation of the success probability
is based on the PPP (or Binomial point process) model.

Remark 1: Our proposed framework used to calculate the
intermediate result (i.e., psuc,j) is totally different from the
framework in [7] and it has not been considered in other
literature as well.

By applying the derivation procedure in [7] to our system
model, we have the average probability that the j-th strongest
signal is successfully decoded approximated by

psuc,j ≈
j∏
t=1

psuc,t(t), (9)

where psuc,t(t) is the probability that the t-th stronger signal is
successfully decoded when ignoring whether the previous sig-
nals are successfully decoded or not. According to the deriva-
tion procedure in [7], we find that psuc,t(t) = pp

suc,t|k≥t(t).
Note that the derivation in [7] neglects the case where the
number of accessing BNs is less than t, which can cause the
approximation to be less accurate. However, we have taken this
case into account. The comparison between the results from
our framework and the results based on [7] will be presented
in Section IV.

pp
suc,t|k≥t(t) and pb

suc,t|k=l(t, l) are two key factors determin-
ing psuc,j . The success probability is generally defined as the
average probability that the SINR at the typical BN is greater
than the threshold. Since the decoding order for our SIC
scheme is based on the instantaneous reflected power from the
BN rather than the distance between the BN and the reader, we
cannot compute the success probability leveraging the property

of Nakagami-m fading on the typical link. Instead, we employ
the moment generating function (MGF)-based approach to
compute the two conditional success probabilities, which are
presented in the following corollary.

Corollary 1: Based on the system model in Section II, these
two success probabilities are given by

pp
suc,t|k≥t(t) = Φ

(
M(SINRp(t))

−1 (s)
)
, (10)

pb
suc,t|k=l(t, l) = Φ

(
M(SINRb(t,l))

−1 (s)
)
, (11)

where Φ(M(s))=1− exp(A2 )
2Bγ

∑B
b=0

(
B
b

)∑C+b
c=0

(−1)c

Dc
Re
{
M(s)
s

}
,

Dc = 2 (if c = 0) and Dc = 1 (if c = 1, 2, . . .),
s = (A + i2πc)/(2γ) and Re{·} denotes the real part. The
three parameters A, B and C are used to control the estimation
error, which are set to A = 10 ln 10, B = 15, C = 21 [13].
M(SINRp(t))

−1 (s) and M(SINRb(t,l))
−1 (s) are the MGF of the

inverse SINR for the cases of the t-th strongest signal being
decoded when the number of active BNs k is equal or greater
than t or when k = l, respectively. Their expressions are
given in (12) and (13) at the top of the next page, where
Γ[·, ·] is the incomplete gamma function, fy(t)|y(t)≤β

(
y(t)

)
and

fy(t)|l
(
y(t)

)
are given in Lemma 2 and Lemma 4, respectively.

Proof: See Appendix B.
In summary, combining (12) with (10) and (13) with (11)

and then substituting pp
suc,t|k≥t(t) and pb

suc,t|k=l(t, l) into (8),
we obtain psuc,t|k≥j(t, k, j). Then substituting (8) and (7)
into (6), we obtain the approximated psuc,j . Finally substituting
psuc,j into (1), we work out the performance metric K̄total.

IV. RESULTS

We present the results to study the considered BackCom
system. Unless otherwise stated, consistent with existing liter-
ature, the parameters are set as: b = −1, λ̄ = 0.5/m2, T = 50,
α = 3, m = 2, σ2 = −100 dBm, PT = 30 dBm and ξ = 0.6.

Analysis validation: Fig. 1 plots the SINR threshold versus
the average number of decoded BNs for ρ = −10 dBm and
different Nmax. Note that Nmax is defined in Section II and
impacts the analysis as shown in (1). We set T = T /Nmax

for the purpose of generating the results. The average number
of accessing BNs in one time frame is the same, which is
63.96. This value is computed using T ×Λ([0, PT /ρ]), where
Λ([0, ·]) is given in Lemma 1. Fig. 1 shows that there is a
small gap between the simulations and analytical results from
our framework. We can see that the analysis is more accurate
for lower SINR threshold, which is mainly governed by the in-
dependent decoding step assumption. In the low SINR region,
the signals from the stronger users have very high chances
to be successfully decoded (e.g., the success probability is
close to 1) and consequently, whether the signals from weaker
users are successfully decoded can be viewed as independent
of the condition where the stronger users’ signals are decoded
successfully. This success probability is calculated exactly by
us. Moreover, this independent approximation in Proposition
1 is generally more accurate when Nmax is smaller.

We also plot the analytical results based on [7] as discussed
in Remark 1. Fig. 1 shows that, except for Nmax = 1, the
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M(SINRp(t))
−1(s) =

∫ β

0

exp

(
−sy2

(t)

σ2

PT ξ

)
exp

πλ̃E
[
hb̃
]

α

(
(
√
sy(t))

b̃

(
Γ

[
− b̃

2
,
sy2

(t)

β2

]
− Γ

[
− b̃

2
, s

])
−2b̃

(
β b̃ − yb̃(t)

))
× fy(t)|y(t)≤β

(
y(t)

)
dy(t). (12)

M(SINRb(t,l))
−1 (s) =

∫ β

0

exp

(
−sy2

(t)

σ2

PT ξ

) b̃(
√
sy(t))

b̃

2
(
β b̃ − yb̃(t)

)(Γ

[
− b̃

2
,
sy2

(t)

β2

]
− Γ

[
− b̃

2
, s

])l−t

fy(t)|l
(
y(t)

)
dy(t). (13)
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Fig. 1. Average number of decoded BNs K̄total vs. SINR threshold γ.

-50 -40 -30 -20 -10 0 10
Power threshold in dBm, 

0

50

100

150

A
ve

ra
ge

 n
um

be
r 

of
 d

ec
od

ed
 B

N
s

Analysis
Maximum

N
max

=1,2,3,4

Fig. 2. Average number of decoded BNs K̄total vs. backscatter threshold ρ.

results from [7] can deviate from the simulation results by a
lot. This mainly comes from the fact that the derivation in [7]
ignores that the number of accessing BNs can be less than the
intended decoding BN number. This deviation is more obvious
when the average number of accessing BNs is very small (e.g.,
the backscatter threshold is large). Hence, compared to the
framework in [7], our framework can generally provide more
accurate results in the relatively SINR threshold region and
the scenario with smaller density of accessing BNs.

Effect of Nmax: From Fig. 1, under the assumption of T =
T /Nmax, we find that when the SINR threshold γ is small,
a larger Nmax results in better performance. When γ further
increases, a smaller Nmax can benefit the system. This is due
to the interplay of the number of sub-frames T and the average
number of decoded BNs in a sub-frame K̄ from (1). When γ
is small, the stronger signals are very likely to be decoded
successfully and K̄ plays the dominant role. A larger Nmax

indicates that there are more BNs accessing the reader, which
leads to a large value of K̄. Once γ becomes high, the signal
is less likely to be decoded successfully and the impact of
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Fig. 3. The success ratio, occupation probability and average number of
decoded BNs in a sub-frame K̄ vs. number of sub-frames T .

error propagation is very severe, which leads to the similar
performance of K̄ for different Nmax.

Effect of number of sub-frames T : Fig. 3 plots (i) the
number of sub-frames versus the success ratio defined as the
ratio of average number of decoded BNs and the average num-
ber of accessing BNs (i.e., the solid curves), (ii) the occupation
probability which is defined as the average probability that
a sub-frame is occupied by BNs (i.e., the solid curve with
star marks) and (iii) the average number of decoded BNs in
a sub-frame K̄ (i.e., the dashed curves) for different Nmax.
According to Fig. 3, we can see that as T increases, the success
ratio increases at first and then converges to 1. Meanwhile,
K̄ decreases and approaches zero. This can be explained as
follows. With the increasing value of T , the average number
of accessing BNs in a sub-frame decreases thereby reducing
the interference. In other words, for a very large T value, since
there are so many sub-frames, BNs are more likely to occupy
different sub-frames and their signals have high chance to be
decoded successfully due to little interference. Consequently,
almost every accessing BN can be decoded successfully and
the system achieves the best performance. Regarding the
performance of K̄, it is mainly governed by the occupation
probability for large T . Clearly, this occupation probability
(equivalently, K̄) drops as T increases. From this figure, we
find that, for the case of Nmax = 4, in order to achieve
95% of the optimal performance, the sub-frame occupation
probability is almost 80%; while the sub-frame occupation
probability decreases to 18.31% in order to achieve 99.99%
of the optimal performance. Consequently, this highlights the
importance of carefully selecting the number of sub-frames
such that it gives the near optimal performance while keeping
the underutilization of sub-frames minimal.

Effect of backscatter threshold ρ: Fig. 2 plots the
backscatter threshold versus the average number of decoded
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M
(SINRp(t))

−1(s)=Ey(t),y(n)

[
exp

(
−sy2(t)

(
∞∑

n=t+1

y−2
(n)+

σ2

PT ξ

))]
= Ey(t)

[
exp

(
−
sy2(t)σ

2

PT ξ
−
∫ β

y(t)

(
1− exp

(
−
sy2(t)
y2

))
λ(y)dy

)]
. (15)

M
(SINRb(t,l))

−1(s)=Ey(t),y(n)

[
exp

(
−sy2(t)

(
l∑

n=t+1

y−2
(n)+

σ2

PT ξ

))]
=Ey(t)

exp(−sy2(t)σ2

PT ξ

)
−

(∫ β

y(t)

exp

(
−
sy2(t)
ŷ2

)
fŷ(ŷ)dŷ

)l−t . (16)

BNs under T = 50. We also mark the maximum K̄total for each
curve. From the figure, we find that, as ρ decreases, K̄total first
increases and then the curves become almost flat. When ρ is
very large, a smaller number of BNs are allowed to access the
reader and the performance of K̄total is limited by the number
of accessing BNs. As ρ increases, more BNs can access the
reader, which initially enhances the system performance. How-
ever, it also brings in more collisions, which causes the drop
of K̄total. When ρ further reduces, the increasing interference
is negligible, which keeps curves almost unchanged.

V. CONCLUSION

In this work, we have investigated the average number
of successfully decode BNs for a multiple access BackCom
system with SIC technique. In order to reduce the access
collision, we set a backscatter threshold for BNs in backscatter
phase. Our results showed that this backscatter threshold has to
be properly tuned to maximize the overall system performance.
Overall, the considered system is effective in enabling multi-
tag to reader communication.

APPENDIX A-PROOF OF LEMMAS 1-4
Proof: (i) Lemma 1: The derivation follows the mapping

displacement theorems of PPP [12, Sec 2.9.2.].
(ii) Lemma 2: According to Bayes’ theorem, this conditional

pdf is given by
fy(q)(y(q))
Fy(q)(y(q))

, where fy(q)
(
y(q)

)
and Fy(q)

(
y(q)

)
are the pdf and cumulative distribution function (cdf ) of the
distance from the q-th nearest node to the origin, respectively.
The cdf of y(q) can be interpreted as the probability that there
are at least q nodes closer than y(q) [14], i.e.,

Fy(q)(y(q)) =1−
q−1∑
l=0

(Λ([0, y(q)]))
l exp

(
−Λ
([

0, y(q)

]))
l!

. (14)

Then taking its derivative with respect to y(q) and after some
manipulations, we arrive at (3).

(iii) Lemma 3: The condition cdf of y is Fy|y≤β(y) =
Λ([0,y])
Λ([0,β]) . Then substituting the intensity function of Λ([0, y]) in

Lemma 1, we have Fy|y≤β(y) = yb̃/β b̃. Note that fy|y≤β(y) =
dFy|y≤β(y)

dy . Hence, we obtain the conditional pdf of y in (4).
(iv) Lemma 4: For these nt nodes satisfying yi ≤ β, their

distance pdf fy|y≤β(y) is i.i.d. and is presented in (4). Then
following the statistical theory, we arrive at the conditional pdf
for y(q) in (5).

APPENDIX B-PROOF OF COROLLARY 1
Proof: First consider M(SINRp(t))

−1(s). The SINR’s ex-
pression for this case can be written as SINRp(t) =

PT ξy
−2
(t) /

(∑∞
n=t+1 PT ξy

−2
(n) + σ2

)
. In fact, for these inter-

fering nodes, their location follows the PPP with density

λ(y) = 2πλ̃yb̃−1E[hb̃]/α outside the t-th node. Hence, we
can express this MGF as in (15) at the top of this page,
where the second step comes from the probability generating
functional for a PPP [12]. Note that the distribution of y(t)

here is fy(t)|y(t)≤β
(
y(t)

)
given in Lemma 2. After substituting

λ(y) and further calculation, we obtain the result in (12).
For M(SINRb(t,l))

−1 (s), the SINR for this case is

SINRb(t, l) = PT ξy
−2
(t) /

(∑l
n=t+1 PT ξy

−2
(n) + σ2

)
. Accord-

ing to [15] and Lemma 3, the l− t interfering nodes are i.i.d.
with distribution fŷ(ŷ) = b̃ ŷb̃−1

βb̃−yb̃
(t)

and y(t) ≤ ŷ ≤ β. Hence,

we can express this MGF as shown in (16) at the top of this
page, where the distribution of y(t) here is fy(t)|l

(
y(t)

)
given

in Lemma 4. With further computation, we arrive at (13).
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