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Abstract

In this paper we introduce backscatter technology into wire-

less communication systems on high speed rails (HSRs).

Specifically, we propose a backscatter aided wireless trans-

mission (BAWT) scheme and demonstrate its outperfor-

mance over the existing direct wireless transmission (DWT)

scheme. We derive the upper and lower bounds of channel

capacity for BAWT and prove that the channel capacity for

BAWT is larger than that of DWT on certain conditions.

Finally, simulation results are provided to corroborate the

proposed studies.

1 Introduction

Different from other scenarios of wireless communications,

the scenario of high speed rails (HSRs) has the features of

high mobility of the transceivers and large penetration loss

of the signals passing through train carriages [1] [2].

According to these existing studies, full duplex, relay,

beamforming, massive MIMO, or joint estimation and de-

tection are possible candidate technologies to reduce or ad-

dress the signal penetration loss in wireless communica-

tions on HSRs [3]. However, these solutions require com-

plicated signal precessing steps such demodulation and de-

coding, and meanwhile need expensive radio frequency (R-

F) components.

In this paper, we introduce another technology, backscat-

ter communication which originated from the second world

war [4] and is recently becoming a hot research topic [5]

[6], to resolve the signal loss during the transmission be-

tween the antennas of base station (BS) and mobile users

inside the train. Compared with other existing technolo-

gies, utilizing backscatter technology to overcome the sig-

nal fading has the advantages of low complexity of signal

processing and low cost of circuit implementation. It does

not require the signal processing steps of demodulation and

decoding, and meanwhile has no need of extra RF compo-

nents except an amplifier.

In particular, we propose a backscatter aided wireless trans-

mission (BAWT) scheme and compare it with direct wire-

less transmission (DWT) scheme that is currently used in

practical systems on HSRs. We derive the upper and lower

bounds of channel capacity for BAWT, and prove that the

channel capacity for BAWT is larger than that of DWT on

certain conditions.

The rest of the paper is organized as follows. Section 2

introduces DWT and BAWT schemes and the correspond-

ing mathematical system models. Section 3 derives and

compares the channel capacities between DWT and BAWT.

Section 4 provides simulation results to corroborate the pro-

posed studies and Section 5 summarizes the whole paper.

2 System Model

Suppose that the BS transmits baseband signals s(t) with

the carrier frequency fcs and the initial phase θs. Assume

that the transmission of s(t) follows a general slotted struc-

ture in Fig. 2 [7]. Each slot contain Np training symbols and

Nd data symbols, and Np +Nd = N. There is zero padding,

i.e., one or several empty symbols, at the end of each slot

to avoid interference between slots or different users. We

consider two transmission schemes: DWT and BAWT.

2.1 DWT Scheme

The direct wireless channel between the antenna of BS and

that of mobile user is h0(t). In case of DWT, BS transmit-

s straight forward to the mobile user through the channel

h0(t). Thus, the signal received at the antenna of the mo-

bile user inside the train is

yd(t) = h0(t)s(t)e j(2π fcst+θs) +w0(t), (1)

where w0(t) denotes the noise at the mobile user.

The receiver will first generate a local carrier signal with

carrier frequency fcr and initial phase θr, and then multiply

it with y(t) to obtain the baseband signal

rd(t) =yd(t)e− j(2π fcrt+θr)

=h0(t)s(t)e j(2πΔ f t+Δθ ) +w(t), (2)

where Δθ = θs − θr, w(t) = w0(t)e− j(2π fcrt+θr), and Δ f =
fcs − fcr is the CFO induced by the crystal oscillators.

Let Ts denote the sampling period. The digital representa-

tion of the signal rd(t) can be obtained as

rd(n) = rd(t)|t=nTs = e j2πΔ f nh(n)s(n)+w(n), (3)



Figure 1. System model.

where w(n)∼ C N (0,σ2
w) for n = 1,2, ...,N. Here, h(n) is

the combined channel h(n) = h0(n)e jΔθ .

2.2 BAWT scheme

Suppose the channel between the antenna of the BS and the

outside antenna of the train is f0(t). The signal received at

the train antenna is

u(t) = f0(t)s(t)e j(2π fcst+θs). (4)

BAWT scheme requires that the signal u(t) will be de-

layed for one symbol duration Ts, and then amplified and

backscattered by another antenna inside the train. The

backscattered signal is

b(t) = αηu(t −Ts), (5)

where α is the amplifying coefficient and η denotes the

fading inside the two train antennas.

The mobile user will receive both signals from BS directly

and from backscattering

yb(t) = h0(t)s(t)e j(2π fcst+θs) +g(t)b(t)+w0(t), (6)

where g(t) denotes the channel between mobile user and

the inside antenna of the train.

Substituting (4) and (5) into (6) yields

yb(t) =h0(t)s(t)e j(2π fcst+θs) +w0(t)

+αηg(t) f0(t −Ts)s(t −Ts)e j(2π fcs(t−Ts)+θs). (7)

The mobile user will generate a carrier signal to demodulate

yd(t) and will obtain

rb(t) =yb(t)e− j(2π fcrt+θr)

=h0(t)s(t)e j(2πΔ f t+Δθ ) +w(t)

+αηg(t) f0(t −Ts)s(t −Ts)e j2πΔ f t e jΔθ e− j2π fcsTs .
(8)

Figure 2. Transmission slot structure.

Noting that the channels g(t) remain almost unchanged dur-

ing several slots due to limited mobility of the mobile user

inside the train. Therefore, it is reasonable to approximate

g(t) as a slow-fading variable g0 within one slot. We as-

sume g0 ∼ C N (0,σ2
g0).

The digital representation of the signal rb(t) can be obtained

as

rb(n) = rb(t)|t=nTs

=e j2πnΔ f h(n)s(n)+ e j2πnΔ f f (n−1)s(n−1)+w(n), (9)

where f (n− 1) denotes the combined channel f (n− 1) =
αηg0 f0(n−1)e− j2π fcsTse jΔθ .

3 Capacity Analysis

For brevity of our analysis, let us define the transmit-

ted signals s(n), the channels h(n) and f (n), the re-

ceived signals rd(n), and the noise w(n) in one s-

lot as the following vectors s = [s(1),s(2), · · · ,s(N)]T ,

f= [ f (1),h(2), · · · , f (N)]T , rd = [rd(1),rd(2), · · · ,rd(N)]T ,

w = [w(1),w(2), · · · ,w(N)]T , respectively.

3.1 DWT

We can rewrite (3) as

rd =D(Δ f )Hs+w, (10)

where D(Δ f ) = diag{e j2πΔ f ,e j4πΔ f , · · · ,e j2πNΔ f }, and H =
diag{h(1),h(2), · · · ,h(N)}.

The capacity of (10) is equal to

CDWT =
1

N
E
{

logdet(I+ γD(Δf)HHHDH(Δf))
}

(11)

=
1

N

N

∑
n=1

E
{

log(1+ γ|h(n)|2)} , (12)

where γ stands for singal-to-noise ratio (SNR).

In the case of h(n) ∼ C N (0,σ2
h ), the probability density

function of |h(n)|2 is fh2(x) = 1
σ2

h
exp

(
− x

σ2
h

)
. Then, with

the aid of [8, eq. (4.337)], (12) can be derived as

CDWT =− exp

(
1

γσ 2
h

)
Ei

(
− 1

γσ2
h

)
, (13)



where Ei(x) =
∫ x
−∞

et

t dt is the exponential integral function

[8, eq. (8.211.1)].

3.2 BAWT

Define

F = diag{ f (1), f (2), · · · , f (N)}, (14)

r̄b = [rb(1),rb(2), · · · ,rb(N),rb(N +1)]T , (15)

w̄ = [w(1),w(2), · · · ,w(N),w(N +1)]T , (16)

D̄(Δ f ) = diag{e j2πΔ f ,e j4πΔ f , · · · ,e j2π(N+1)Δ f }. (17)

We can rewrite (9) as

r̄b =D̄(Δ f )Hls+ D̄(Δ f )Fus+ w̄, (18)

where

Hl =

[
H

0T
N,1

]
, Fu =

[
0T

N,1

F

]
, (19)

and 0N,1 is a vector with N zero elements. Subsequently,

we can have

r̄d =D̄(Δ f )(Hl +Fu)s+ w̄. (20)

With CSI at the receiver side, the capacity of (20) is

CBAWT =
1

N +1
E{logdet(I+ γ(Hl +Fu)(Hl +Fu)

H)}.
(21)

3.2.1 Lower and Upper Capacity Bounds

It can be readily checked that

E{log |I+ γΞΞΞΞΞΞH |}
(a)
≤E{log(1+ γh2(1))}+E{log(1+ γ f 2(N))}

+
N

∑
n=2

E{log(1+ γh2(n)+ γ f 2(n−1))}

(b)
≤E{log(1+ γh2(1))}+E{log(1+ γ f 2(N))}

+
N

∑
n=2

log(1+ γE{h2(n)+ f 2(n−1)}), (22)

where (a) and (b) follow by Fischer’s inequality and

Jensen’s inequality, respectively. Suppose the upper bound

(22) is denoted by Cup′
BAWT, which can be computed as

Cup′
BAWT =(N −1) log(1+ γσ2

h + γσ2
f )− exp

(
1

γσ 2
h

)
×

Ei

(
− 1

γσ 2
h

)
− exp

(
1

γσ 2
f

)
Ei

(
− 1

γσ 2
f

)
. (23)
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Figure 3. Capacity versus SNR.

Define MMMD and MMMU as (24) and (25), shown at the top of

next page. We can further find

E{logdet(MMMD +MMMU )}≥E{log(det(MMMD)+det(MMMU ))}
≥E

{
log

(
2
√

det(MMMD)det(MMMU )
)}

.

(26)

Denote the lower bound (26) by Clow′
BAWT. Then, with the help

of [8, eq. (4.331.1)], eq. (26) can be further calculated as

Clow′
BAWT =

1

2
log(σ2

h )+
N
2

log(σ2
f )+

N +1

2

(
log(γ)−C

)
+ log(2)− N −1

2
exp

(
1

γσ 2
h

)
Ei

(
− 1

γσ 2
h

)
. (27)

Denote the upper bound and lower bound of CBAWT (21) by

Cup
BAWT and Clow

BAWT, respectively. We can obtain

Cup
BAWT =

1

N +1

[
(N −1) log(1+ γσ2

h + γσ2
f )) (28)

−exp

(
1

γσ 2
h

)
Ei

(
− 1

γσ 2
h

)
− exp

(
1

γσ 2
f

)
Ei

(
− 1

γσ 2
f

)]
,

Clow
BAWT =

1

N +1

[
log(2)+

1

2
log(σ2

h )+
N +1

2

(
log(γ)−C

)
+

N
2

log(σ2
f )−

N −1

2
exp

(
1

γσ 2
h

)
Ei

(
− 1

γσ 2
h

)]
, (29)

where C ≈ 0.5772 is Euler’s constant [8, eq. (9.73)].

According to (13) and (29), the channel capacity CBAWT un-

der BAWT scheme is always larger than CDWT under DWT

scheme when

N ≥ max

{
0,

⌈
−3C1 −C2 − log(4σ2

h )

C1 +C2 + log(σ2
f )

⌉}
, (30)

where C1 � exp

(
1

γσ2
h

)
Ei

(
− 1

γσ2
h

)
and C2 � log(γ)−C.



MMMD =

⎡
⎢⎢⎢⎢⎢⎣

γ|h(1)|2 0 0 · · · 0 0 0

γh∗(1) f (1) 1+ γ|h(2)|2 0 · · · 0 0 0
...

...
...

. . .
...

...
...

0 0 0 · · · 0 1+ γ|h(N)|2 0

0 0 0 · · · 0 γh∗(N) f (N) 1

⎤
⎥⎥⎥⎥⎥⎦ (24)

MMMU =

⎡
⎢⎢⎢⎢⎢⎣

1 γh(1) f ∗(1) 0 · · · 0 0 0

0 γ | f (1)|2 0 · · · 0 0 0
...

...
...

. . .
...

...
...

0 0 0 · · · 0 γ| f (N −1)|2 γh(N) f ∗(N)
0 0 0 · · · 0 0 γ| f (N)|2

⎤
⎥⎥⎥⎥⎥⎦ (25)
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Figure 4. Capacity versus σ2
f /σ2

h when γ = 20dB.

4 Simulation Results

This section provides numerical examples to evaluate the

proposed studies. We set σ2
h = 0.1, σ2

f = 10 and N = 50.

We assume the channel f0(n) follows Rician distribution

modeled as

f0(n) =
√

κ
κ +1

σ f 0e jθ f 0 +

√
1

κ +1
C N (0,σ2

f 0),

where κ is the K-factor. Fig. 3 and Fig. 4 illustrate chan-

nel capacity versus SNR and the ratio σ2
f /σ2

h , respectively.

It can be found that the upper bound and lower bound of

channel capacity are close to the exact channel capacity.

Besides, the BAWT scheme can achieve higher data trans-

mission rate with increasing channel variance σ2
f compared

with the DWT scheme.

5 Conclusion

In this paper, we introduced backscatter technology in-

to wireless communication systems on HSRs. We com-

pared the capacity performance between BAWT and DWT

schemes. To our best knowledge, our work was the first s-

tudy about backscatter aided wireless communications on

HSRs. Many open problems about this topic await further

investigation, such as training sequence design, channel en-

coding, estimation and detection.
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