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Abstract—This letter considers integrating a backscatter link
with a reconfigurable intelligent surface to enhance backscatter
communication while assisting the direct communication. We
derive the probability that the backscatter channel dominates
in the composite channel. This probability is a useful perfor-
mance measure to determine the number of reflectors. Since the
exact probability lacks a closed-form solution, we develop two
approximations by modeling the gain of the backscatter link
with a Gaussian or Gamma distribution. We found that these
approximations match well with the exact value. Importantly,
with a well-designed number of reflectors, the channel gain of
the backscatter link may be always stronger than that of the
direct one.

Index Terms—Backscatter communication, reconfigurable in-
telligent surface (RIS), parameter design.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) technology [1] en-
ables wireless charging, remote sensing and unprecedented
data transmission in line with the vision of future wire-
less communications that are low-cost, energy-efficient and
connectivity-ubiquitous. RIS consists of many nearly passive
reflectors, each of which can sensibly interact with the im-
pinging signal in a software-controlled way. Specifically, each
reflector can vary the phase of the incident signal with the
perceived channel state information (CSI) without requiring
special energy source, in order to realize a high-performance
communication link. Moreover, RIS can be easily embedded
into objects such as clothing, furniture, walls, and building
facades.
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State-of-the-art research on RIS includes data transmission
[1]-[3], energy efficiency of multi-user communications [4],
beamforming design [5]-[7], user assignment in distributed
RIS systems [8], secure [9] and ultra-reliable communication
[10]. Existing RIS techniques can provide extra paths to aid
transmission from the transmitter to the receiver. However, it
is often assumed that the RIS device itself cannot transmit
extra information to the receiver [4]-[7], [9], [11]. In con-
trast, references [2], [3] show that a RIS device can realize
information transfer by adopting spatial index modulation. By
virtue of the information transmission feature of the RIS, we
integrate backscatter technology with RIS. We thus introduce
a new paradigm that can not only enable RIS to aid an ongoing
data transmission, but also transmit its own binary signals or
sensor signals to the receiver by performing binary modulation
through RIS, embedding sensors into RIS, or connecting RIS
to surrounding sensors through wires [10], [12]. Specifically,
RIS synchronizes with the transmitter and conveys data {0,
1} to the receiver. In this way, loading information ‘1’ or ‘0’
means that RIS is in a reflective or absorptive state. The key
performance measure that helps of the design of this overall
system is the probability that the gain of backscatter link is
stronger than that of direct one. We derive this measure in
both exact and approximate forms and provide numerical and
simulations results. By using this measure, one can choose
the appropriate number of reflectors to ensure high-quality
communications even under extremely poor direct channel
conditions.

Notation: For random variable (RV) X, fx(-) and Fx(-)
denote the probability density function (PDF) and cumulative
distribution function, respectively. A complex or real Gaussian
RV with mean 4 and variance o2 is denoted by CN (u1,0?)
or N'(u,0%). The Exp()) density is fx(z) = ye~ %, > 0.
The Ral(1) density is fx(x) = 2w x > 0. We write

X ~ Gamma(a, 8) if fx(z) = F*B(:)xa’le’ﬁz, x> 0.

II. SYSTEM MODEL

Fig. 1 shows the proposed system consists of a backscatter
link, direct link, one RF source, one receiver and one RIS. The
RIS unit comprises of K passive reflectors {1,---, K}, and
also includes a controller for CSI acquisition and information
transmission [13]. When the RF source transmits its data
signal s(n), whose power is 03, to the receiver, the RIS
will also receive the same signal and then adjust the phase
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Fig. 1. Integrated RIS and backscatter technology.

0, € [0,27) of reflector k € {1,---, K} based upon CSL
Moreover, by performing binary modulation or connecting RIS
with surrounding sensors through wires, RIS can send its data
x(n) € {0,1} to the receiver by reflecting or absorbing the
incident signal s(n).

Let hgy, bt 1 and hy, , denote the channel coefficients from
RF source to receiver, from RF source to reflector &, and
from reflector k to receiver, respectively.! Denote the distances
from RF source to receiver, from RF source to reflector k, and
from reflector k to receiver by ds,, ds; and dy,, respectively.
All these small-scale fading channel coefficients are modeled
as independent and identically distributed CA/(0, 1) variables
[15]. In other words, this model is equivalent to small-scale
Rayleigh fading. We also denote by « the large-scale path
loss factor for all the links. The signal received at reflector
k=1,...,K can be expressed as

hst,k
Vg

With the phase adjustment based on CSI for specific purposes,
the signal backscattered by the kth reflector is

Yo,k (n) = nyr(n)z(n)e, )

where 7 is the RIS attenuation factor. The signal arrived at the
receiver is the superposition of the RF source signal and all
the reflected signals and can be expressed as

yr(n) = s(n). (1

K
y(n) = n)+ Y ypk(n) +w(n), 3)
k=1

sT
==5(

(03

dST’
where w(n) is additive white Gaussian noise with variance

Ufu. By substituting (1) and (2) into (3), the received signal
(3) can be rewritten as

Z “jf? ﬁkx(n)) s(n) + w(n).
st
)

y(n) = (\/@

IChannels can be estimated in advance via sub-arrays techniques [13] or
deep learning techniques [14].

III. RIS PARAMETER DESIGN

With RIS assistance, when xz(n) = 1 is transmitted, the
maximized instantaneous signal-to-noise (SNR) at the receiv-

a o a 2 o2
er is (d;?|hsr\ +ndg,?d,,.? Zk 1 st i har k|> = when
0 = (Lhsy — Lhst ihir,;) mod 27 holds. Here, /¢ and z
mod y are the phase of x and the remainder after the division
of = by y, respectively.

Backscatter link, also called multiplicative multiple access
channel [16], carries information from both RF source and
RIS whereas direct link merely loads RF source informa-
tion. Moreover, RIS can be used to enhance the direct link
communication while transmitting its own information to the
receiver [2]. Therefore, it is wise to strengthen the transmission
of backscatter link without affecting that of direct link or
even make backscatter link main path in the composite link
dsi? |har| + ndy? dyy® Sor | |hst khir k|- Due to the effect
of channel fading, it is not true that the signal quality from
backscatter link (i.e., from RF source to RIS to receiver) is
always stronger than that from direct link (i.e., from RF source
to receiver). We measure this characteristic by assuming that
the probability of the channel gain of the backscatter link is
greater than that of the direct link. Mathematically, it can be

expressed as
har bt st i el
p—pr (|| < |y Db ) )
V dgr V d?tdtar

How can such a case be improved? Next, we will analyze how
to design the number of reflectors K to deal with this.

A. Intelligent Transmission

Due to |ZkK=1 st by el | = Zszl |Pust k||t k| in the
case of perfect CSI, (5) can be simplified as

K
P="Pr (d;ﬁ |har| < mdg® dp? |hst,khmk|> . (©®)
k=1

Let us define variable G4 = |hg.| and variable G, =
Zle |Pst k|| e k|- Then, (6) is equivalent to

P=Pr (Gd < CdGb) s 7
where
ca 2 ndbd,? d;, k. ®)
Then, we can rewrite (7) as
e Cdy
:/ be(y) de(w)dmdyv 9
0 0
[T te@|i- [ ramay]as a0
0 0
—_———
Fay(z/ca)

where (9) and (10) hold because G4 and G}, are independent.

Clearly, we have G4 ~ Ral(1). From (9) and (10), the
key point is to determine Fg,(x) or fg, (). Because the
PDF fg,(x) is analytically intractable, we derive the exact
probability using (10).



1) Exact computation: We can readily show that the char-
acteristic function of Gy, is given by

o(t) = [ /O h 4xK0(2x)ejmdx}

K
| j2mt 4 4v/4 + t2 — 4tarcsinh(5)
- (44123

where (11) follows by [17, eq. (6.45)], and (12) follows by
[18, eq. (6.624)] and [18, eq. (1.622)]. Here, j = +/—1,
K, (x) is the modified Bessel function of the second kind
[18, eq. (8.432)], and arcsinh(x) is the inverse hyperbolic sine
function. From the Gil-Pelaez lemma [19] and for certain value
G4 = z, we can thus compute

11 [ e dte/eap(t
Fe, (:) =5~ 7/ 3 {e(p()] at,  (13)
d v 0 t

where (x| denotes the imaginary part of z. Based on (10)
and then averaging (13) over the PDF of G4, we find that

K

(1)

) (12)

P=1- /OOO Fg, (z/ca) fa, (z) dx

N 1— atie tlerfi(ty) + j]) @(t)
ot o)

dt,

(14)

where t; = ﬁ and the imaginary error function erfi(x) is

defined by erfi(z) = % o et dt.

Since exact expression (14) has no closed-form solution, we
will develop two approximations for P. The problem is that a
closed-form expression for fg, (y) appears intractable. Hence,
we will utilize Gaussian and Gamma approximations.

2) Gaussian approximation: The central limit theorem sug-
gests that Gy, is Gaussian for large K, namely, N (up,07)
where the mean and the variance can be separately derived as

{ w £ E{Gy} = TK

2 15
e (1>

— )= (1 - K.

Thus, by using this Gaussian distribution on (9) and evaluating
the resulting integral, we find that

1
P=— erfc Ko (16)
2 2cdab +1 ‘/4%% + 20},

2
b “b
_7"’_‘47 b
X e 2a§4a+2o+ erfc( 2:“ )

7
This derivation is based upon [18, eq. (3.323.2)], and erfc(z)
is the complementary error function [18, eq. (8.250.4)].

3) Gamma approximation: For small K, the Gaussian
approximation of (G, may not be accurate. To tackle this
problem, we consider G}, to be distributed as Gamma(1, 52).
In (15), we have the exact mean and variance of G,. We match

those two and get pp, = B L and o} = 5 5. Thus, we find
Kr? 4
=— d = —. 17
B 6_2 2 B2 16— 2 (17)

Now, with [18, eq. (3.462.1)], (9) can be evaluated as

2
By 8;122 B2
2% P\ pa )

where D,(z) is the parabolic cylinder function [18, e-
q. (9.240)].

Remark 1: The simulation results in Section IV suggest
that the Gamma-based approximation, namely (18), is more
accurate. However, the Gaussian-based approximation, (16),
is rather easy to compute. Moreover, the computation of
the parabolic cylinder function for large K may encounter
difficulties in practice. For this reason, we next develop another
approximation suitable for large K scenarios.

Remark 2: With the aid of [18, eq. (9.229.2)] and [18,
eq. (9.240)], for large K, (18) can be approximated by

P=1-—

(18)

B1 1 B2 /i Bg
P:l — 7ﬂ2 e%_% log t2 61 logtg—a t2+8c§
)
ZCd
where t5 = & — <. This approximation not only eliminates

the need to compute the parabolic cylinder function, but also
allows for P to be computed effectively for large K.

Remark 3: When channel coefficients hg ;, and hy, are
distributed according to the Rician fading model, we can still
model the probability density of the RV G} with the above
Gaussian and Gamma approximations, just with different
Gaussian and Gamma parameters, i.e., (i, af, (1 and [Bo. The
details are omitted.

B. Blind Transmission

When RIS has no knowledge of CSI, it merely changes
phases randomly. In this case, it may be unable to work
effectively. To reduce energy consumption at RIS, we assume
that there is no phase change at RIS, namely 6, = 0, Vk.
Probability (5) can then be measured equivalently by

2
Ek 1 st khtr,k

V d?td?r

Wlth large K, via the central limit theorem we find that
Zk 1 Rst i Per i ~ CN(O K). Define Pd |hé7| and Pb

sz 1 st khtrk’ Then, P; ~ Exp(1) and P, ~ Exp(K).
imilar to (9), probability (19) can be derived as

P=Pr (19)

oo 1 C?iy
P:Pr(Pd<c§Pb) :/ —ef%/ e *dxdy
o K 0
KCZ

=___"d 20
chlJrl (20)

Suppose that P > ¢ is required where ¢ is a suitable threshold
probability. According to (20), to set P > ) is equivalent to
0
i
From (20) or (21), if the gain of the backscatter link is

completely stronger than that of the direct link, i.e., 9 =1, K
goes to oo.

K > 2y
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Fig. 3. Probability P versus distance ds¢.

Remark 4: In an ambient backscatter communication (Am-

BC) system [20] (i.e., K =1 and #; = 0), we have
1 L 1

P == 1 - iBQCd W_l 0(

Cq 2’

where W,\’,L(-) is the Whittaker function [18, eq. (9.223)].

) (22)

2
Cq

IV. NUMERICAL AND SIMULATION RESULTS

We provide simulation results to verify the results derived
in Section III. We set n = 0.4, dy- = 7.1m and dg,. = 8m.

Fig. 2 shows the PDF fg,(Gy). We see that Gamma
distribution with parameters in (15) can match the simulated
exact distribution well for both small and large K. Although
the Gaussian approximation with the parameters given in (17)
does not fit as well as the Gamma one for small K, it is quite
accurate for large K.

Fig. 3 depicts the probability P versus distance dg; when
a =2, K =20 and K = 40. Since we found that the curves
of (14), (16) and (18) coincide with the simulations, only the
curves of (14) are kept. All simulations are statistically av-
eraged over 10° independent runs. For comparative purposes,
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Fig. 4. Minimum number of reflectors required K versus distance ds¢ when
P > 0.95.
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Fig. 5. Minimum number of reflectors required K versus path loss exponent
a when P > 0.95.

the probability (22) in AmBC system is also simulated. In
Fig. 3, the simulation results totally match the corresponding
theoretical expressions in all cases, which validates the deriva-
tions (14), (16), (18), (20) and (22). All probabilities decrease
with increasing distance dg; or decreasing K. These results
show that the optimal placement of RIS should be as close
as possible to the RF source. Moreover, the probability in the
intelligent scenario is greater than that in the blind scenario
and can reach 1 at a large K = 40. Thus, just well-designed
number K may make the backscatter channel the main path.

Figs 4 and 5 separately shed some light on the minimum
number K of reflectors required in the intelligent transmission
scene versus distance dg; and loss exponent «« when P > 0.95.
In Fig. 4, the path loss exponent can be @ = 2 or av = 3,
and the distance can be di; = 1m and ds; = 1.5m in
Fig. 5. As expected, more reflectors are needed at RIS when
increasing distance dg;. For a larger path loss factor «, the
number of reflectors witnesses an upward trend in the case

of disé;r <1 (e.g., dst = 1.5m) while there is a completely




opposite trend for dd:drt,. > 1 (e.g., dst = 1 m), which can be

confirmed from (20)5. In the intelligent transmission situation,
the minimum number of reflectors required is K = 19 and
K = 32 when dg; = 3.5m in the case of @ = 2 and
a = 3, respectively. Under the same parameter configuration
and according to (21), the minimum number of reflectors
required for blind transmission is K = 1146 and K = 3560,
respectively, which is separately over 60 and 111 times that
of intelligent transmission.

V. CONCLUSION AND FUTURE WORK

This study is the first to integrate the RIS paradigm with
backscatter communications. RIS helps to enhance the quality
of both the backscatter communication and direct-link com-
munication. The system is characterized by the probability
that the channel gain of the backscatter link is greater than
that of the direct link. Since the exact probability expression
lacks a closed-form solution, we have developed several ap-
proximations. From our analysis and numerical results, the
key finding is that a reasonably designed number of reflectors
can make the backscatter communication link dominate the
composite channel. Thus, even without a line of sight link,
RIS can achieve a high-capacity wireless transmission. In
addition, several future works are immediately evident. First,
channel coding and beamforming schemes for this system can
be studied. Second, the parameter design of RIS with limited
resolution, which in fact results in the loss of channel SNR,
should be analyzed. Third, the effect of imperfect CSI should
be investigated.
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