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ABSTRACT Owing to the rapid development of the ambient Internet of Things (IoT) industry, Backscat-
ter Communication Systems (BCS) require higher receiver sensitivity for large-scale IoT scenarios than
traditional Radio Frequency Identification (RFID) systems. This paper proposes a method of usingMultiple-
Input Multiple-Output (MIMO) technology to compensate for reflected signals in the 920 MHz backscatter
communication systems. The researcher first created a MATLAB model to verify the theoretical feasibility
and then built a One-Transmitter Two-Receiver (1T2R) BCS transceiver system compatible with the EPC
global protocol for practical verification on LabVIEW. The ITIR and 1T2R tests were conducted using
the National Instrument (NI) USRP-2952R device, the directional antennas, and the standard RF electronic
tags. Through the process of superimposing and utilizing the phase shift between the two reflected carriers,
it has been confirmed that the overall signal strength can be enhanced from 2.2 mV to 4.13 mV and
4.37 mV (nearly reaching 4.70 mV by using two Rx antennas in ideal conditions). After calculation, this
advancement increases signal strength from −40.14 dBm (when using a single Rx antenna) to −34.18 dBm
(when using two Rx antennas). The improvement in signal strength can provide a gain of 5.96 dB to the
backscatter communication systems. Experimental results demonstrate that utilizing MIMO technology to
the backscatter communication systems can effectively enhance the sensitivity of the receiver at 920 MHz.

INDEX TERMS 1T2R transceiver, ambient Internet of Things, backscatter communication systems, radio
frequency identification, multiple-input multiple-output.

I. INTRODUCTION
Radio Frequency Identification (RFID) technology acquires
energy by collecting the ambient Radio Frequency (RF) sig-
nals and communicates by reflecting external RF signals [1],
[2], which have low cost and low power consumption. How-
ever, their transmission distance is usually 0.1 m −1 m. Due
to the rapid development of the ambient IoT industry, tradi-
tional RFID systems gradually cannot meet the requirements
of large-scale Internet of Things (IoT) applications, such as
fast inventory, smart transportation, and unmanned retail [3],
[4]. Therefore, in response to these problems, the Backscatter
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Communication Systems (BCS) of long-range transmission,
low power consumption, low cost, and ultra-long standby
tags have attracted increasing attention (Fig. 1) [5], [6].
As a special wireless-powered communication network, BCS
allows IoT devices to obtain energy through dedicated or
ambient RF sources to power integrated circuits and send
data by reflecting RF signals [7]. BCS could be considered
an upgrade from traditional passive RFID systems and will
be one of the key technologies of the 6th Generation (6G)
and IoT applications. However, further enhancement of their
transmission distance, especially for the sensitivity of the
receiver, is still a great challenge [8].

How to improve the receiver sensitivity is crucial for
overcoming limitations in BCS. ApplyingMIMO technology
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FIGURE 1. Long-transmission and multi-end backscatter communication
systems for large-scale IoT applications.

to the BCS is a potential solution. MIMO technology is a
well-established technology that is widely used in modern
communication systems such as the 5th Generation (5G)
and radar systems [9]. However, since these applications
do not have high energy cost requirements, the MIMO
technology has not received much attention in the RFID
field. Long-range transmission and multiple-end backscatter
communication systems have become an increasingly pop-
ular topic in recent years. Their communication mechanism
differs from traditional cellular networks, Wi-Fi networks,
and satellite networks [10], [11]. Backscatter communica-
tion technology, developed in the background of the ambient
Internet of Things, can bring significant advantages to the
development of smart transportation, smart agriculture, and
smart logistics. It will also contribute greatly to the construc-
tion of smart cities. To make this possible, it is essential
to enhance the receiving sensitivity of the backscatter com-
munication system [12], [13], which will help extend its
communication distance and increase the number of commu-
nication terminals.

In 2017, a researcher [14] attempted to study the capacity
and symbol error ratio of the backscatter channel through two
transmit antennas and two receive antennas to investigate the
data rate and sub-channel compensation at 5.8 GHz. In the lat-
est research in 2020, a team [15] took the lead in using mobile
devices to send commands to tags, then equipped a large
number ofMIMOdevices close to readers for signal receiving
and used the minimum mean square error algorithm to eval-
uate communication performance. Another researcher [16]
applied MIMO technology to the RFID system to improve
communication robustness. The joint detection of 48 tags
improved in simulation results with a BER of 20 dB at a
1/8 coding rate. The transmitter and receiver used in [17]
are not part of the same device. The limited communication
distance (0.1 m - 1.5 m) of the electronic tag would result
in errors in the measurement. As for [14], the measurements
were performed at 5.8 GHz, which is beyond the Ultra High
Frequency (UHF) band, so the results of the signal gain are
not helpful for BCS at 920 MHz.

After investigating several studies [18], [19], [20], [21],
it has been discovered that using MIMO technology to

FIGURE 2. Signal transmission principles for the transceiver system.

compensate for long-distance transmission path loss is a rel-
atively innovative application in backscatter communication.
Therefore, the primary objective of this paper is to explore the
theoretical feasibility and practical verification of utilizing
MIMO technology in BCS within the 920 MHz frequency
band.

To achieve the research objective, in Section II, the paper
explains the feasibility of implementingMIMO technology to
backscatter communication systems based on principles and
simulates it through MATLAB. After that, a One-Transmitter
Two-Receiver (1T2R) transceiver is built to support the
BCS signal transmission link on the LabVIEW platform.
In Section III, the NI USRP-2952R device is used as the
signal source, and directional antennas and RF standard tags
are added for joint testing. The signal strength is measured
in both single and dual Rx antenna situations for subsequent
comparison experiments. In Section IV, the MIMO technol-
ogy is used to receive and superimpose the reflected signals
with varying phase shifts. The experimental results confirm
that the application of MIMO technology to the 920 MHz
BCS can provide an energy compensation of approximately
6 dB for the receiver in both two combined channels.

II. SYSTEM DESIGN
In this section, we will discuss the theoretical feasibility of
utilizing MIMO technology in backscatter communication
systems and showcase this through a MATLAB model. Fur-
thermore, we designed and constructed a transceiver that
supports the BCS signal transmission link on the LabVIEW
platform, laying the foundation for subsequent tests.

A. SYSTEM PRINCIPLES
The schematic diagram of the transceiver system design is
shown in Fig. 2. The phase shifts need to be added in both
two channels to constitute the combined signal links.
Combine1 and Combine2 indicate the two superimposed

signals after phase shifting:

Combine1 = (Tx1 + T2−1) +
[
(Tx2 + T1−2) + PS2

]
(1)

Combine2 = (Tx2 + T1−2) +
[
(Tx1 + T2−1) + PS1

]
(2)

where Tx1, Tx2, T1−2, and T2−1 are transmitting signals. PS1
and PS2 are phase shifting added to each signal link. For
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FIGURE 3. Signal simulation waveforms of the simplified receiver in
MATLAB.

the received two carrier signals, if they satisfy (3), the two
received signals will cancel each other out:

Combine1 = sinωt + sin [ωt − (2k + 1) · π ] = 0 (3)

If the two reflected signals are superimposed on each other,
they will meet condition (4) as follows:

Combine2 = sin (ωt − 2k · π) + sin (ωt − 2k · π)

= 2 · sin (ωt − 2k · π) (4)

The signal transmission model is simulated in MATLAB
R2021b. Fig. 3 indicates the time domain waveforms of the
receiving combined signals 1 and 2. In order to facilitate the
observation and capture of the signal, the sinewaves are set
to have an amplitude of 1, an oscillation period of 1 and a
frequency of π /2. The initial signal 0 is kept constant, the
initial signal 1 is set to have a phase shift of -π /2. Then the
two signals are given a delay of 0.25 by the modules PS1 and
PS2 respectively.

Combine1 = sint + sin (t − π)

= sint − sint

= 0 (5)

Combine2 = sin
(
t − π

/
2
)
+ sin

(
t − π

/
2
)

= 2 · sin
(
t − π

/
2
)

(6)

The amplitude of Combine1 drops to 0 at T = 0.25 when
the two waveforms cancel each other, while the amplitude of
Combine2 changes from 1 to 2 when the signals are super-
imposed. Phase shifting could enhance and cancel reflected
signals under the same signal period.

This principle of superimposed enhancement and cancel-
lation can be illustrated in Fig. 4. If two carriers need to
be superimposed and enhanced to a maximum value, their
timing needs to be perfectly synchronized or differ by a
multiple of the same period T . Conversely, if two carriers
differ by a multiple of T /2, the signal gets cancelled out.

When multiple directional antennas are used to receive and
combine the signal, it is expected to provide a 6 dB signal
gain for the BCS. Additionally, cancellation could be used
to communicate with two tags at the same time. This is of
great significance for achieving fast inventory applications.
Through the demo prototype of the transceiver system, the

FIGURE 4. (a) Superimposed enhancement of two carriers received by the
two Rx antennas. (b) Cancellation of two carriers received by the two Rx
antennas.

FIGURE 5. The placement of the tag and three directional antennas.

feasibility of this method can be verified as long as the
enhancement and cancellation of Combine1 are realized.
In the actual design of the 1T2R system, when the tag is

placed at positions 1 to 3 (Fig. 5), respectively, the two Rx
antennas will receive and superimpose their reflected signals
separately. Because transmission distances are different, there
is an inevitable signal delay. Therefore, during the tag’s paral-
lel movement, the superimposed signal’s amplitude will vary
and switch between enhancement and cancellation.

B. SYSTEM SIGNAL TRANSMISSION LINKS
Based on the theoretical analysis, a BCS transceiver system
is built on LabVIEW. The transceiver system consists of
five main parts, which are shown in red dotted circles in
Fig. 6. These parts include (a) USRP device configuration,
(b) Tx signal generation, (c) Tx transmission, (d) Rx receiving
part, and (e) Rx signal processing. It enables communication
between systems and tags, and processes reflected carriers in
different channels. The USRP configuration, part (a), is pri-
marily responsible for establishing a connection between the
designed receiver system and the NI 2952R device. It also
sets the specific transmission parameters of the transceiver
system to drive the connection between the USRP device
and the antennas. The specific parameter design is detailed
in TABLE 1. In part (b) of Tx signal generation, we use the
Pulse Interval Encoding (PIE) module to encode the Query
Command according to protocol rules. The command is
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FIGURE 6. The architecture of the transceiver system built on the
LabVIEW platform.

modulated, and the carrier is transmitted continuously via the
Tx signal transmission part (c) according to RF transmission
rules. Once the electronic tag has established communication,
it will respond and reflect the signal based on the specifica-
tions [26]. At this point, the information sent by the tag can be
received and collected through the Rx signal receiving part (d)
and then processed and analyzed in the Rx signal processing
part (e).

According to EPC global protocol, when the tag receives
the correct Query Command, it reflects a 16-bit pseudoran-
dom sequence named RN16 signal, which is a sign of suc-
cessful communication between the system and the tag. Using
the PIE rule, Query Command 1000110000000010001001 is
sent directly to the tag. Ttx indicates the time length of the
transmitted signal from Tx.

Ttx = Tc1 + TQuery + Tc2 (7)

where Tc1 and Tc2 refer to the time length of the high-level
carriers before and after the Command signal. The frequency
band is set to 920 MHz under Chinese specifications, Tari is
25µs, and PW is 12.5µs. Consequently, the overall length of
the Query Command signal Ttx is 0.9375 ms, and the entire
transmitting signal is 6.9375 ms.

Ttx = 2 ms+ 1.9375 ms+ 4 ms = 6.9375 ms (8)

III. 1T2R TRANSCEIVER SYSTEM
A. SYSTEM TESTING ENVIRONMENT
The USRP device is connected to a transmitting antenna,
Tx, and two receiving antennas, Rx1 and Rx2, to set up
communication with a single tag, As shown in Fig. 7. The
antenna used in the test is a UHF RFID circularly polarized
directional antenna with a 9 dBi gain of 260 mm ∗ 260 mm ∗

30 mm size (Fig. 8. a). Their receiving area is reversely about
60◦ - 90◦ fan-shaped outward diffusion, in the center of which
reaches the farthest reading distance. Meanwhile, it is neces-
sary to keep the distance between each other more than 10 cm.

TABLE 1. Transceiver system parameter configuration.

FIGURE 7. Transceiver system testing environment.

If the separation distance is too short, it will cause mutual
interference. The maximum reading/writing distance of the
white commercial card tag (Fig. 8. b) is not more than 1.2 m
(the tag returns the most stable signal within 1m). To ensure
the tag reflects signal stability when moving, it is necessary
to move the tag in a parallel line from the antennas, and the
vertical distance is 0.4 m. The tag is compatible with the
Chinese frequency band 840 MHz - 845 MHz and 920 MHz
- 925 MHz, so the operating frequency is set to 920 MHz.

B. TESTING RESULTS OF SINGLE RX ANTENNA
In order to compare the difference between dual Rx antennas
and a single Rx antenna, it is necessary first to measure
the signal strength received by a single antenna. There-
fore, the 1T1R transceiver system (Fig. 9) must be run first.
After the USRP device begins to continuously and steadily
transmit the Query Command, move the tag in parallel
between positions 1 to 5. Tx continuously sends the high-level
carriers to power the tag and reserves the tag answer gap.
The three communication cycles are obtained when the tag is
placed at position 1 and position 3, respectively, as shown in
Fig. 10.
Based on the sum of squares of the I and Q levels of the

RN16 signal, it can be calculated that when the tag moves
between positions 1-3-5 in parallel, the energy of reflected
signals will go through a process: rising first and then falling.
The magnitude of the energy is reversely correlated with the
distance between the tag and the Rx antenna. The signal
strength reaches the most robust level at position 3, as shown
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FIGURE 8. (a) The UHF RFID circularly polarized directional antenna.
(b) Commercial standard white card tags.

TABLE 2. Transceiver system testing tools.

FIGURE 9. 1T1R transceiver system with tag placement.

in Fig. 11. The signal strength ranges from −35 dBm to
−42 dBm. With Rref being 50 �, the voltage amplitude can
be calculated accordingly:

Vrms = 3.98 mV − 1.78 mV = 2.20 mV (9)

As a result of the experiment, the maximum signal energy
received by a single antenna is 2.20 mV. This is the opti-
mal data obtained when using a single antenna for signal

FIGURE 10. Three entire communication cycles. (a) Tag is placed at
position 1 (b) Tag is placed at position 3.

receiving. This value will serve as the benchmark for sub-
sequent 1T2R system tests.

C. TESTING RESULTS OF 1T2R TRANSCEIVER SYSTEM
Run the 1T2R system (as shown in Fig. 12) and compare it
with data from a single antenna. The steps for measuring are
as follows:

1) First, align the tag angle parallel to the antennas so that
it can reflect RN16 steadily.

2) Then, move the tag back and forth between positions
1 to 5 at a uniform speed. During this movement, the
carrier signals received by the two Rx antennas should
be directly superimposed without PS.

3) Next, send the carriers to the down-mixer and baseband
modules for demodulation, filtering, and a series of
processing in the Rx part (as shown in Fig. 6. e).

VOLUME 12, 2024 141845
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FIGURE 11. Reflected signal energy power (dBm) at tag position 3.

FIGURE 12. 1T2R transceiver system with tag placement.

4) Finally, the superimposed signal, Scombine, can be
obtained.

When the tag travels from position 1 to 5 at a steady pace,
there is a noticeable fluctuation in the amplitude of Scombine.
This fluctuation follows a pattern of increase, decrease,
increase, decrease, increase, and decrease, as illustrated in
Fig. 13.

Fig. 14 demonstrates the exact distances between antennas
and the tag. To avoid interference, it is essential to maintain
a minimum distance of 10 cm between each antenna. When
moving the commercial electronic tag, keep it in a parallel
line from the antennas and maintain a vertical distance of
0.4 m to ensure the tag receives the Query Command and
reflects RN16 signal stability. According to the theory anal-
ysis, when the distance difference of the tag from two Rx
antennas satisfies (12), the reflected signal will be enhanced

FIGURE 13. Signal energy changes when the tag moves in positions
1 to 5.

due to superposition.

|dR1 − dR2| = nλ (n = 0 or n ∈ N ) (10)

λ =
c
f

= 3×108m
/
s
/
920MHz ≈ 0.326 m

(11)

|dR1 − dR2| = n · λ ≈ n · 0.326 m (n = 0 or n ∈ N ) (12)

Position 1 is perpendicular to the center point of Rx
antenna 1, as shown in Fig. 14. When the tag reaches posi-
tion 1, its distances from two Rx antennas are as follows:

dR1 = 0.4 m (13)
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FIGURE 14. Exact distances between antennas and the tag.

FIGURE 15. Superimposed power of the two signals when the tag is at
position 3.

dR2 =

√
0.42 + 0.722 ≈ 0.82 m (14)

dR1 − dR2 = 0.42 m >λ (15)

Position 3 is perpendicular to the center point of the Tx
antenna. When the tag moves to position 3, it is at an equal
distance from both Rx antennas, which gives:

dR1 − dR2 = 0 (16)

Therefore, as the tag moves from position 1 to 3, it goes
through a process: the level amplitude of the signal rapidly
increases to a maximum, then decreases to a negligible level.
It reaches a maximum level amplitude again at position 3.
When the tag moves to position 3, the signal strength is
superimposed to the highest value (Fig. 15). The power range
of the RN16 signal is −27.5 dBm to −33.5 dBm, and the
voltage amplitude is calculated as:

Vrms = 9.43 mV − 4.73 mV = 4.70 mV (17)

Obviously, the reflected signal energy is significantly
enhanced by the carrier superposition. In moving the tag
from position 1 to position 5, Scombine will experience more
than two reduction changes to zero because of coherent
superposition. Therefore, the received signal needs to be
phase-shifted to ensure the reflected signal is continuously in

FIGURE 16. The signal strength of the superimposed signal is infinitely
close to the nadir.

a superimposed and enhanced state. It has essential research
significance for improving the sensitivity of BCS.

IV. ACHIEVEMENT OF HIGH SENSITIVITY
After analyzing the test results of 1T1R and 1T2R systems,
it was discovered that the voltage amplitude of a single Rx
antenna is 2.20 mV. Under ideal conditions, when two Rx
antennas are used, the maximum voltage amplitude of the
combined signal (Scombine) is 4.70 mV.
Hence, the main tasks to be accomplished in this section

are outlined below:

1) According to the fluctuation pattern of the combined
signal, fix the tag at locations where the superimposed
signal is offset and weakened;

2) Add adjustable modules of phase shifting to the two Rx
parts on LabVIEW, respectively;

3) In the Rx baseband module, the received signal under-
goes filtering and demodulation. Subsequently, phase
shifting (PS1) on the carrier signal is performed to test
the signal energy of Scombine;

4) Compare the phase-shifted measurement results with
the voltage amplitude of 4.70 mV obtained from the
dual-antenna signal receiving under ideal conditions.

In this way, it is possible to verify whether the PS process of
two reflected carriers can contribute sensitivity improvement
to the BCS.
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FIGURE 17. Phase shift of the reflected signal carriers.

FIGURE 18. Power value after superposition of two reflected signals at a
phase shift T/2.

When moving the tag, the reflected signal observed from
the LabVIEW window is affected by many factors, such
as speed, distance, and electromagnetic interference, which
leads Scombine to a dynamic change. When the power of
Scombine is zero, it is necessary to exclude the situation in
the system that does not establish communication with the
tag. Accordingly, it is more reasonable to choose the loca-
tions where the power value of Scombine is very weak but
can be observable as the positions for the PS1 comparison
experiment.

After adjusting, at this position point, we can read the
RN16 signal power range is −41.9 dBm to −41.7 dBm
(Fig. 16), then calculate the voltage amplitude as follows:

Vrms = 1.84 mV − 1.80 mV = 0.04 mV ≈ 0 (18)

The data at this position point is used for subsequent PS1
comparison experiments. Add aPS1 to one of the Rx channels
through the Phase Shifter module. It is supposed to be added

FIGURE 19. Power value after superposition of two reflected signals at a
phase shift 7∗T/2.

before the down-mixing and filtering process. According to
TABLE 1, the RF system is set to 920MHz, so the modulated
carrier oscillation period is 1/920 MHz ≈ 1.087 ns. Thus,
the added PS1 must satisfy the following conditions (19) to
achieve the carrier superimposition (Fig. 17):

PS = (2n+ 1) ·
T
2

≈ (2n+ 1) · 0.543 ns (19)

Firstly, take n = 1, then one of the received carri-
ers is phase-shifted T /2 to obtain the superimposed signal
Combine1 (Fig. 18). Then, the signal power range of RN16
can be read out −27 dBm to −32 dBm. Convert the unit to
calculate the voltage amplitude as:

Vrms = 9.99 mV − 5.62 mV = 4.37 mV (20)

In order to enhance the accuracy of the testing results,
n = 3 is performed as a phase shift of 7∗T /2. At this time,
the reflected superimposed signal Combine1 is as shown in
Fig. 19. To read out the signal power range is −27.5 dBm to
−32.5 dBm, the voltage amplitude can be calculated as:

Vrms = 9.43 mV − 5.30 mV = 4.13 mV (21)

The measurement result of 4.37 mV is close to the value
obtained at a phase shift of T /2 when n = 1. Under the same
testing conditions, both 4.37 mV and 4.13 mV are close to
the highest value of 4.70 mV and significantly higher than the
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FIGURE 20. The demodulated and decoded 16-bit pseudorandom
sequence (RN16 signal) reflected from tags.

highest value of 2.20 mV obtained with a single Rx antenna,
which is almost twice as much. Hence, it is evident that the
signal enhancement is achieved by PS1. When comparing
4.37 mV with 2.20 mV, the signal gain obtained is calculated
as follows:

GPS = 4.37 mV − 2.20 mV

= (−34.18 dBm) − (−40.14 dBm)

= 5.96 dB (22)

To ensure the accuracy of the measurement results, the
obtained data signal is demodulated and decoded. As shown
in Fig. 20, it can be confirmed that the RN16 pseudorandom
sequence is correct and compatible with the EPC Gen2 pro-
tocol. Moreover, the signal gain of 5.96 dB is as expected,
which is a crucial aspect to consider.

Similarly, using the same approach, add PS2 into the other
Rx2 part (Fig. 6. e) on the LabVIEW transceiver system to
superimpose the two reflected signals with a phase shift of T/2
and 3∗T /2. A signal gain of 5.82 dB can also be achieved in
the Combine2 channel. The results of the experiment prove
that the 1T2R transceiver designed in this study can achieve
signal enhancement of the two combined channels through
phase shifting, which contributes to the realization of the high
sensitivity of the backscatter communication system.

V. CONCLUSION
This paper mainly researches the theoretical feasibility
and practical verification of utilizing MIMO technology in
a 920 MHz backscatter communication system. For this pur-
pose, we explained the feasibility of implementing MIMO
technology to backscatter communication systems based on
principles and simulated it through the MATLAB model.
Moreover, we built a dual-channel 1T2R transceiver system
on the LabVIEW platform and conducted 1T1R and 1T2R
experimental tests. Through the process of superimposing
and utilizing varying phase shifts between two reflected carri-
ers, it has been confirmed that the overall signal strength can
be boosted from 2.2 mV to 4.13 mV and 4.37 mV (nearly
reaching 4.70 mV in ideal conditions). This advancement
increases signal strength from −40.14 dBm (when using a
single Rx antenna) to −34.18 dBm (when using two Rx
antennas). This improvement in signal strength can provide
a gain of 5.96 dB to the backscatter communication systems.

The results of testing the other combined channel can also
provide evidence of the signal enhancement.

The experimental data effectively proves that implement-
ing MIMO technology to the receiver can efficiently improve
the sensitivity of the backscatter communication systems
at 920 MHz.
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