
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Duan, Ruifeng; Ruttik, Kalle; Jäntti, Riku
Multi-bounce Effect: an Overlooked Aspect in Analysis of Ambient Backscatter Networks

Published in:
EWSN ’18 Proceedings of the 2018 International Conference on Embedded Wireless Systems and Networks

Published: 01/02/2018

Document Version
Peer reviewed version

Please cite the original version:
Duan, R., Ruttik, K., & Jäntti, R. (2018). Multi-bounce Effect: an Overlooked Aspect in Analysis of Ambient
Backscatter Networks. In EWSN ’18 Proceedings of the 2018 International Conference on Embedded Wireless
Systems and Networks (pp. 227-232). [3234902] Junction Publishing.



Multi-bounce Effect: an Overlooked Aspect in Analysis of
Ambient Backscatter Networks

Ruifeng Duan, Riku Jäntti, and Kalle Ruttik
Department of Communications and Networking

Aalto University, Finland
{ruifeng.duan; riku.jantti; kalle.ruttik}@aalto.fi

Abstract
The scope of the Internet of Things has driven signifi-

cant attention towards ambient backscatter communication
(AmBC) systems as a possible solution. However, the fun-
damental performance limits of the AmBC-enabled wire-
less systems are not yet well-understood. This paper eval-
uates the performance limits of an AmBC system with bi-
nary phase-shift keying input and multi-bounce effect be-
tween AmBC nodes which has been overlooked in litera-
ture. For this purpose, the study applied a multiplicative
channel model modified from a reverberant one. The ob-
tained results indicate that the multi-bounce effect between
the AmBC nodes is non-ignorable on the performance of
the legacy and the AmBC systems, and improves the AmBC
achievable rate.

Categories and Subject Descriptors
C.2.1 [Network Architecture and Design]: Wireless

communication

General Terms
Backscatter communication

Keywords
Ambient backscatter, multi-bounce channel, multiplica-

tive channel, reverberant channel, BPSK

1 Introduction
The Internet of Things (IoT) is now arguably one of the

most heavily discussed and researched topics in the technol-
ogy industry, and it has the potential of completely revolu-
tionizing how we work and how we live. Future success and
sustainability of IoT depend greatly on the ability of devices
to communicate using very little power, as this is one of the
most limiting factors of being able to connect devices with-
out incurring additional costs or worsening our energy foot-
print. The scope of the IoT is a wealth of new services and

is far beyond such as a smart home, reading a smart me-
ter, assistive technologies for elderly and disables people,
medical applications, emergency responses, and vehicular
safety [23, 1, 18]. This issue has driven significant attention
towards ambient backscatter communication (AmBC) sys-
tems as a possible solution for ultra-low power connections
[16, 20, 2, 18, 9, 11].

Modern wireless networks have been witnessed an un-
precedented evolution from classical architectures to het-
erogeneous ones. AmBC is to leverage green IoT applica-
tions and to enhance the future wireless networks. In con-
trast to traditional systems, AmBC devices do not need a
power-hungry transceiver and can achieve up to 1000 times
lower power consumption and 10 to 100 times lower de-
vice cost than those in the contemporary active-transceiver-
based solutions. Although the circuit power consumption
could still be a serious problem in practice [31], it is nev-
ertheless much smaller than in case of active transmitters
[2]. This significantly simplifies the energy harvesting prob-
lem. In AmBC, the backscatters can be powered by the RF
emitted by, e.g. TV signals, cellular transmissions, Blue-
tooth signals and WiFi signals [19, 20, 33, 10] among others.
Particularly, one of the recent work [10] achieves a signifi-
cant advance to create WiFi and ZigBee-compatible signals
using backscatter communications to achieve 2-11 Mbps
WiFi standards-compliant signals by backscattering Blue-
tooth transmission. To increase the communication range,
the ambient frequency modulation radio signals have been
considered in [29, 32, 27], and a LoRa backscatter has been
designed in [24].

The ultra-low power AmBC backscatters do not amplify
the signal, but modulate it instead. The fundamental perfor-
mance limits of the AmBC enabled wireless systems are not
yet well-understood. Initial steps towards understanding of
the performance limits of a backscatter-enabled wireless sys-
tem have been conducted in [4] where loose capacity bounds
for single antenna system have been obtained. Considering
AmBC, the symbol detection and bit error rate for the single-
input-single-output (SISO) scenarios have been deduced in
[30, 22]. However, to the best of our knowledge, the previ-
ous models did not consider joint decoding of the legacy and
backscatter systems. Multiple-antenna techniques can be ap-
plied to AmBC systems to increase the capacity, increase the
communication range, and improve the reliability [13]. The
unmodulated continuous carrier multiple input and multiple



output (MIMO) backscatter systems have been studied, e.g.
[3, 7, 8]. Considering a modulated bi-static MIMO AmBC
system, authors in [5] showed that the MIMO system with
cooperation of the scatters achieves higher rate than what the
MIMO system could achieve alone; the excess rate can be
achieved by the primary system alone or it can be shared by
the two systems; in a rich scattering environment and perfect
channel state information (CSI) the limiting sum rate of the
AmBC approaches the sum of the limiting rates of a MIMO
channel and a multiple-keyhole MIMO channel; and a joint
pilot signal should be designed properly to estimate the chan-
nels. In order to serve the AmBC devices, a minimum mean
square error receiver with successive interference cancella-
tion could be applied.

The previous research investigated the backscatter com-
munication mainly by considering single backscatter node,
developing testbeds, or conducting coding design and theo-
retical analysis for RFID-based backscatter systems. There-
fore, the possible signal interaction between the AmBC
nodes has been overlooked in literature. The multi-bounce
phenomenon is likely to appear in a dense backscatter net-
work. This paper evaluates the performance limits of an
AmBC system with binary phase-shift keying (BPSK) input
and multi-bounce effect between AmBC nodes. The infor-
mation of the legacy MIMO system (referred to the legacy
transmitter and receiver pair) and the AmBC system will be
jointly decoded. In addition, we consider that the multi-
antenna receiver tries to sequentially decode both the orig-
inal signal sent by the legacy transmitter and the signal sent
by the AmBC nodes. The AmBC nodes will act as passive
relays to each other increasing the path diversity. For this
purpose, the study applied a multiplicative channel mode
modified from a reverberant one. The results indicate that
the multi-bounce effect between the AmBC nodes is non-
ignorable on the performance of the legacy and the AmBC
systems.

The rest of this paper is organized as follows. Section 2
introduces the system and the channel models. In Section 3,
we consider sequential decoding and a linear minimum-
mean-squared-error (MMSE) receiver with successive inter-
ference cancellation (SCI) technique. Section 4 presents the
simulation results. Finally, Section 5 concludes this paper.

Notations: Throughout the paper, vectors and matrices
are represented by lower-case and upper-case bold-face let-
ters, respectively. The superscript (·)† denotes the matrix
conjugate-transpose operation and (·)T is matrix transpose.
We use CN (0,A) to denote the zero-mean complex Gaus-
sian vector covariance matrix A and In is an n× n identity
matrix, and the subscript n may be omitted sometimes for
simplicity. The notation E[·] denotes the expectation, and
⊗ denotes the (block) Kronecker product operator. Further-
more, we use ‖AAA‖2 and ‖AAA‖F to denote the spectral norm
and Frobenius norm of the matrix AAA, respectively.

2 System Model
We consider an AmBC MIMO system shown in Fig. 1

that consists of a legacy system and 2 single-antenna AmBC
nodes 1. The legacy transmitter (Ltx) and receiver (Lrx) are

1The terms ’backscatter’, ’node’, and ’device’ are used alternatively.

2 AmBC 

nodes

2

1

Figure 1. Example of an AmBC MIMO system with an
nt - and nr-antenna legacy transmitter and receiver, and 2
single-antenna AmBC nodes.

equipped with nt and nr antenna elements, respectively. The
AmBC nodes adopt the BPSK modulation technique, and are
synchronized to the legacy system. Information transmitted
from the Ltx to the Lrx propagates through the direct links
and the links passing through the AmBC nodes. The multi-
bounce phenomenon of the signals occurs between the two
AmBC nodes. The signals passing through the AmBC are
modulated accordingly. We consider fixed channels for anal-
ysis.

In this paper, we have adopted the following commonly
used assumptions for the signal model, e.g. [14] among oth-
ers:

(A1) The CSI is perfectly available at the receiver, Lrx,
but not at the Ltx. For instance, the CSI can be mea-
sured by using pilots [5];

(A2) A narrow-band system is considered. The channels
are frequency flat and follow a block fading pro-
cess, i.e. the entities of channel vectors remain con-
stant over each coding block and are independent
and identically distributed across from one block
to another; In addition, the coherence time of the
channel is much longer than the frame duration;

(A3) At the transmitter, Ltx, the transmit signal x0 is
Gaussian distributed with transmit power equally
allocated to each antenna and with covariance ma-
trix E[x0x†

0] = Int , i.e., x0 ∼ CN (0,Int ). The trans-
mit signal to noise ratio (SNR) per antenna is snr.

2.1 Reverberant Channel Model
We follow the propagation graph model [21, 25] to model

the reverberant channel caused by the interaction of the two
AmBC nodes. We denote the propagation time of a link as
τ(·,·). Let Hd = [h0 j,0i] ∈Cnr×nt denote the channel matrix of
the direct link, and h0 j,0i be the complex channel coefficient
between antenna i at the Lrx and antenna j at the Ltx with
propagation time τ0 j,0i. We denote the channel matrix be-
tween the AmBC nodes and the Ltx as Ht = [hm,0i] ∈ C2×nt ,
where hm,0i denotes the complex channel coefficient with
τm,0i between antenna i of the Ltx and the AmBC node
m∈ {1,2}. Similarly, Hr = [h0 j,m]∈Cnr×2 defines the chan-
nel matrix between the nodes and the Lrx antennas. More-
over, G = [gm,n]∈C2×2 and m,n∈ {1,2} denotes the (single



bounce) channel matrix between AmBC nodes, where gm,n
is the complex channel coefficient between AmBC nodes n
and m with the associated propagation time τm,n. Assume
that the AmBC nodes are far away (i.e. not forming an ar-
ray), and the self-coupling of the signal from an antenna is
small, i.e., |gm,m| → 0,∀m = 1,2. Due to channel reciprocity,
we have gm,n = g∗n,m. An AmBC node m modulates the signal
by xm = αeiθm , m = 1,2 with a scattering factor (amplitude)
0≤ α≤ 1 and a phase shift θm.

Assuming that the channel coherence time is long, the sig-
nal re-scattered from AmBC node m at time instance t reads

υm(t) = xm(t)

(
2

∑
n=1

gm,nυn(t− τm,n)

+
√
snr

nt

∑
i=1

hm,0ix0i(t− τm,0i)

)
.

The signal υm(t) consists of the signals from the legacy
transmitter Ltx, the AmBC nodes, and the self-coupled sig-
nal. The signal received by the antenna j of the Lrx can be
written as

y j(t) =
√
snr

nt

∑
i=1

h0 j,0ix0i(t− τ0 j,0i)

+
2

∑
m=1

h0 j,mυm(t− τ0 j,m)+ z j(t),

where z j(t) denotes the circular complex Gaussian noise at
the receiver antenna j at time t. As the symbol duration is
long, we can drop the time indexes and write

υm = xm

(
2

∑
n=1

gm,nυn +
√
snr

nt

∑
i=1

hm,0ix0i

)
, (1a)

y j =
√
snr

nt

∑
i=1

h0 j,0ix0i +
2

∑
m=1

h0 j,mυm + z j. (1b)

Let the vector x = [xm] ∈ C2 denote the phase shift in-
duced by all AmBC nodes, and its diagonal matrix version is
X = diag{x}. We denote z = [z j] ∈Cnr as the noise vector at
the receiver, i.e. z ∼ CN (0,Inr). Thus, the received signal
vector at the receiver y = [y j] ∈ Cnr and the reflected signal
from all the AmBC nodes υ = [υm] ∈ C2 in Eq. (1) read

y = Hrυυυ+
√
snrHdx0 + z, and υυυ = XGυυυ+

√
snrXHtx0.

(2)
Provided that the spectral radius of G is less than unity

[21, 25] and ‖X‖2 ≤ 1, the iteration

υυυ[m+1] = XGυυυ[m]+
√
snrXHtx0 (3)

converges to

υυυ =
√
snr (I−XG)−1 XHtx0 (4)

starting from arbitrary initial value υυυ[0], ‖υυυ[0]‖2 < ∞. We
define the AmBC channel matrix from Eq. (2) as Hb ,
Hr (I−XG)−1 XHt , and hence the overall channel matrix

reads H , Hd +Hb, i.e.,

y =
√
snr
[
Hd +Hr (I−XG)−1 XHt

]
x0 + z. (5)

2.2 Multiplicative Signal Model
The reverberant channel model produced in the previous

section is challenging from the receiver design perspective as
the AmBC signals X appear inside the product chain of the
channel matrices. We propose an applicable and simple lin-
ear model if the AmBC nodes use BPSK modulation scheme.
For BPSK, we have xm ∈ {−α,α} and x2

m = α2,∀m = 1,2. A
multi-bounce path Ltx→ m→ n→ m→ Lrx would be mod-
ulated by x2

mxn = α2xn, which, however, is indistinguishable
from the path Ltx→ n→ Lrx which is also modulated by xn.
In addition, some longer paths such as Ltx → m1 → m2 →
m1→m2→ n→ Lrx would effectively be modulated only by
xn. Moreover, there are multi-bounce paths that contribute
to the direct Ltx → Lrx path such as Ltx → m→ n→ m→
n → Lrx which is modulated by x2

mx2
n = α4. In two-node

scenario, the longest distinguishable multi-hop path would
have 2 bounces and be modulated by x1x2. We formulate the
multiple-bounce signal model by assuming that channels be-
tween AmBC nodes are reciprocal, i.e. gm,n = g†

n,m = g, and
there is no self-coupling of the signal from an antenna. It
follows that G =

[
0 g
g† 0

]
and X =

[
x1 0
0 x2

]
. Therefore

(I−XG)−1 X

=
1

1−|g|2x1x2

[
x1 gx1x2

g†x1x2 x2

]
=

[
x1 + |g|2x2 gx1x2 + |g|2g

g†x1x2 + |g|2g† x2 + |g|2x1

]
/(1−α

4|g|4)

= F0 +F11x1 +F12x2 +F2x1x2,

where F0 = α4
[

0 |g|2g
|g|2g† 0

]
/β, F11 =

[
1 0
0 α2|g|2

]
/β, F12 =[

α2|g|2 0
0 1

]
/β, and F2 =

[
0 g
g† 0

]
/β with β = 1−α4|g|4. Since

AmBC symbol products appear only once, the received sig-
nal in (5) yields

y=
√
snr [H0x0 +H11x0x1 +H12x0x2 +H2x0x1x2]+z, (6)

where H0 =Hd +HrF0Ht , H11 =HrF11Ht , H12 =HrF12Ht ,
and H2 = HrF2Ht . In addition, we denote that H1 =
[H11, H12 ]. Such a channel model shows that certain re-
current paths become independent of the phase of AmBC
nodes and thus contribute to H0. Those multi-bounce paths
from AmBC contributing to the direct paths cannot be dis-
tinguished from them. Moreover, H1 and H2 correspond to
the (effective) 1- and 2−bounce paths, respectively. In con-
sequence, for the scenario consisting of 2-node AmBC with
BPSK input and a legacy MIMO system, the multiplicative
channel model in (6) can be written as 2

y =
√
snr{[H0, H1, H2]⊗x0}ψψψ+ z

=
√
snr{[H0, H1, H2]ψψψ}x0 + z,

(7)

2We denote the block Kronecker product operation by[
A1, A2, A3

]
⊗ b =

[
A1b, A2b, A3b

]
, and the block product

operation by
[
A1, A2, A3

][
b1, b2, b3

]T
= A1b1 +A2b2 +A3b3.



where the
(

∑
2
b=1
(2

b

))
×1 vector ψψψ is given by

ψψψ =
[
1, ψψψT

1 , ψψψT
2
]T

,

and the sub-vector ψψψT
b combines all unique b-length prod-

ucts of the modulation coefficients of the AmBC nodes
with ψψψT

1 = [x1,x2]
T and ψψψT

2 = [x1x2]. We denote that H ,
[H0, H1, H2]ψψψ.

Without considering the multi-bounce effect, the overall
channel model can be expressed as:

y̆ =
{[

Hd , H̆1, H̆2
]
⊗x0

}
ψ̆ψψ+ z

=
{[

Hd , H̆1, H̆2
]

ψ̆ψψ
}

x0 + z,
(8)

where H̆1 = hr1h†
t1, H̆2 = hr2h†

t2, and ψ̆ψψ = [1, x1, x2]
T

with hri and hti denoting the i-th column of Hr and
the i-th row of Ht , respectively. We denote that H̆ ,[
Hd , H̆1, H̆2

]
ψ̆ψψ.

Remark: Our proposed method using multiplicative chan-
nel model can be readily applied into the scenario that the
AmBC nodes adopt the on-off keying (OOK) modulation
technique. In addition, an multiplicative signal model can
be found for any M-ary Phase Shift Keying (PSK). However,
the dimension of the channel input grows fast.

3 Sequential Decoding and SINR
We consider sequential decoding that the receiver would

be able to decode x0 first. One approach to obtain x0 first is
to adopt a linear minimum-mean-squared-error (MMSE) re-
ceiver with successive interference cancellation (SIC) acting
upon the matrix. The MMSE-SIC receiver successively de-
codes the strongest stream of the legacy system first, and then
after removing the stream it decodes the remaining strongest
stream. When the receiver decodes the signal of AmBC
node 1 by treating the signal of another node as interference.
Each of the two users has equal probability to be decoded
first. Conditioned on the channel matrices, the SINR and the
MMSE of a flow satisfy the following relation [26, 15]

SINR=
1

MMSE
−1.

Without loss of generality, we assume that the strength
of the flows of the legacy system are sorted in a decreasing
order. Conditioned on the channel matrices H0 (x1 and x2
are unknown, and so are H1ψψψ1 and H2ψψψ2), the SINR for the
currently decoded flow, i.e. the ith flow, of the legacy system
can be expressed as

SINR0,i =

([(
I+ snrH†

>iH>i

)−1
]

11

)−1

−1, ∀i= 1, · · · ,nt ,

(9)
where H>i is the matrix whose columns associated to the de-
coded streams of the legacy user have been removed. Hence,
the achievable rate of the legacy system is

R0 =
nt

∑
i=1

log2 (1+SINR0,i) . (10)

Similarly, substituting H by H̆, we obtain the achievable rate

of the legacy system for the scenario that there are no multi-
bounce paths.

Once x0 has been decoded, we can treat it as a known part
and the term H0x0 in (7) can be removed after x0 is decoded
at the receiver. The remained signal reads

ỹ1 =
√
snrH̃x̃+ z, (11)

where x̃ = [x1 x2 x1x2]
T , H̃ = [H1, H2 ]⊗ x0 denotes the

associated channel matrix which is assumed to be known at
the receiver, and x0 can be treated as fast fading channel.

SINR1,i =

([(
I+ snrH̃†

>iH̃>i

)−1
]

11

)−1

−1, ∀i = 1,2.

(12)
There are three streams that the first two are associated to
nodes 1 and 2, respectively. The third one does not contain
any information of the two nodes, though affects the SINR of
other streams. For BPSK signaling, the achievable rate with
soft decision decoding of the AmBC nodes can be expressed
as [6, 12, 28]:

rBPSK,i

= 1−
∫

∞

−∞

e−x2

√
π

log2

{
1+ e−4

√
SINR1,i(x+

√
SINR1,i)

}
dx,

∀i = 1,2.
(13)

Therefore, substituting (12) into (13), we obtain the achiev-
able rate of the AmBC nodes while considering the multi-
bounce effect.

As shown in (8), without the multi-bounce, that the
backscattered paths do not directly contribute to the chan-
nel matrix of the direct link. Substituting H in (9) by H̆, we
obtain the SINR of the legacy system as

˘SINR0,i =

([(
I+ snrH̆†

>iH̆>i

)−1
]

11

)−1

−1, ∀i= 1, · · · ,nt .

(14)
Hence, the corresponding achievable rate of the legacy sys-
tem reads

R̆0 =
nt

∑
i=1

log2
(
1+ ˘SINR0,i

)
. (15)

Similarly, after decoding xxx0 the received signal, we ob-
tain the SINR for the AmBC nodes by substituting H̃ in
(12) by ˜̆H =

[
H̆1, H̆2

]
⊗ xxx0. Then the achievable rate of

the AmBC nodes without considering the multi-bounce phe-
nomenon between AmBC nodes can be obtained by substi-
tuting SINR1,i in (13).

4 Simulation Results
In the simulation, we adopt the following parameters: 2

transmit antennas, 2 AmBC nodes, and 4 receive antennas
(for a large number of antennas nr = 100 as a comparison).
The AmBC nodes apply BPSK modulation technique. All
results are averaged over 105 realizations. A channel matrix
Aa×b is normalized so that E‖A‖2

F = a× b [14, 17]. Note
that the scattering factor of the nodes is denoted by α. α = 1
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Figure 3. Achievable rate of the legacy system vs scat-
tering factor α. Solid curves: nr = 4; dashed curves:
nr = 100. Marker ’o’: legacy alone; Marker ’�’: with-
out multi-bounce; Marker ’*’: with multi-bounce.

means that there is no attenuation, and α = 0 denotes that
there is no signal scattered from the node.

Fig. 2 shows the achievable rate of the legacy system as a
function of the total transmit SNR at the legacy transmitter.
Considering the transmission of the AmBC nodes as interfer-
ence, we illustrate three scenarios: legacy alone (marker ’o’),
with multi-bounce effect (marker ’*’), and without multi-
bounce effect (marker ’�’). The solid curves represent the
case that α = 1 and nr = 4; the dashed ones represent the
scenario that α = 1 and nr = 100; the dotted ones depict that
nr = 4 and α = 0.5. First, the results show that larger value
of the scattering factor causes more loss to the achievable
rate of the legacy user with a small amount of receiver an-
tenna, e.g. nr = 4. This loss is ignorable and vanishing as
nr grows larger. Second, it is shown in the high SNR regime
with a small number of receiver antennas, e.g. nr = 4 that
the multi-bounce effect between the AmBC results in, given
α, more rate loss than the case without multi-bounce effect.
However, in the low SNR regime, the multi-bounce and the
scattering factor α has negligible effect.

In Fig. 3, we plot the achievable rate of the legacy system

0 10 20 30 40

Total transmit snr (dB)

0

0.2

0.4

0.6

0.8

1

R
a
te

 o
f 

th
e
 A

m
B

C
 n

o
d

e
s 

(b
it

s/
s/

H
z
)

=1, AmBC 1, w/ m.b.

=1, AmBC 2, w/ m.b.

=0.5, AmBC 1, w/ m.b.

=0.5, AmBC 2, w/ m.b.

=0.5, AmBC 1, w/o m.b.

=0.5, AmBC 2, w/o m.b.

=1, AmBC 1, w/o m.b.

=1, AmBC 2, w/o m.b.

Figure 4. Achievable rate of the AmBC system.

0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

R
a
te

 o
f 
th

e
 A

m
B

C
 n

o
d
e
s
 (

b
it
s
/s

/H
z
)

AmBC 2, w/ m.b.

AmBC 2, w/o m.b.

AmBC 1, w/ m.b.

AmBC 1, w/o m.b.

snr = 10 dB

snr = 40 dB

Figure 5. Rate vs scattering factor α of the AmBC nodes.

as a function of the scattering factor α, where the solid curves
show that nr = 4; the dashed curves represent nr = 100.
The marker ’o’ denotes that the legacy system is alone; the
marker ’�’ represents that there are no multi-bounce between
the two backscatters; the marker ’*’ represent that the multi-
bounce exists. The results confirm that higher value of the
scattering factor α causes more loss to the legacy system.
However, the effect could be compensated by adopting more
receiver antennas. In addition, in the low SNR regime, the
multi-bounce effect is ignorable.

Fig. 4 shows the achievable rate of AmBC nodes after
decoding the message of the legacy user as a function of the
total transmit SNR of the primary system. The multi-bounce
effect and the scattering factor α play an important role on
the achievable rate. For small values of α, the multi-bounce
paths has higher contributions to increasing the achievable
rate than the scenario with larger values of α. That is if α

is large, the multi-bounce effect is not significant. We show
the achievable rate of the AmBC nodes as a function of α

in Fig. 5. Given the total SNR, with consideration of the
multi-bounce effect the achievable rate of the AmBC nodes
is not sensitive to the scattering factor. However, without
considering the multi-bounce paths the scattering factor af-
fects significantly the rate of the AmBC nodes, particularly
in the low SNR scenario.



Figures 2-5 indicate that from the perspective of the
legacy system, the multi-bounce phenomenon between the
backscatters should be avoided if there is no cooperation
from the backscatters. One possible solution is that the
backscatters should be far away enough. However, the
backscatters advocate the multiple bounces to achieve bet-
ter data rate. Therefore, we should take the multi-bounce
effect in a proper way to optimize the backscatter communi-
cation networks. For instance, if a backscatter has a simple
receiver, we could use some control information to schedule
the transmissions of multiple backscatter devices.
5 Conclusions and Future Work

The considered model consists of the modulated
backscatter system together with the legacy system is prac-
tical in modeling a real ambient backscatter system. Par-
ticularly, we proposed a multiple-bounce channel model for
investigating the considered system. We analyzed the perfor-
mance for a two-node AmBC system applying BPSK modu-
lation technique. For such a system, we derived the achiev-
able rates. The obtained results indicate that the backscatters
could improve the achievable rate through the reverberated
channels between the backscatters.

This invokes a system design issue that how the AmBC
system can benefit the primary link. One possible solu-
tion was suggested in [5] by using time duplex access tech-
nique such that the primary link and the AmBC system can
share the excess rate. In addition, other different modula-
tion techniques used by the backscatters need to be studied,
for instance on-off keying, quadrature amplitude modulation,
and so on. Moreover, proper multiple access protocols and
scheduling schemes are of importance in dense backscatter
networks.
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