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Abstract—This article presents a novel approach to address
the challenges in backscatter communication (BackCom) for the
Internet of Things. The traditional use of I/Q load modula-
tor based on parametric transistor models often suffers from
performance degradation due to discrepancies with actual tran-
sistor models caused by thermal and environmental noise sources.
To overcome this issue, this article proposes an active circuit
modeling technique based on artificial neural network (ANN)-
based transfer learning, which utilizes actual measurement data
to model the I/Q load modulator accurately. Furthermore, an
optimization algorithm is applied to achieve an optimal high-
order modulation scheme, leading to improved energy efficiency
by 40%. By leveraging machine learning-based modeled I/Q mod-
ulators, the proposed approach enables high-speed wireless data
communication in a dual-channel configuration. This article also
conducts theoretical analysis to define the required performance
of a dual-polarized Vivaldi antenna for implementing polarization
diversity in BackCom. This analysis provides guidelines for
achieving optimal performance in terms of spectral efficiency
and error vector magnitude (EVM). The experimental results
demonstrate that the proposed approach achieves a spectral
efficiency of 2.0 bps/Hz based on 4-QAM modulation within a
150-MHz bandwidth. The measured EVM is 9.35%, indicating
the effectiveness of the proposed technique in achieving reliable
and efficient wireless data communication in backscatter systems.
This article presents a comprehensive approach combining accu-
rate circuit modeling, optimization algorithms, and theoretical
analysis to enable high-speed, ultralow-power wireless data
communication in BackCom systems.

Index Terms—Artificial neural network (ANN), backscatter
communication (BackCom), dual-polarized antenna, Internet of
Things (IoT), k-nearest neighbor (k-NN), machine learning,
multiple-input–multiple-output (MIMO), polarization diversity,
transfer learning, Vivaldi antenna.

I. INTRODUCTION

THE Internet of Things (IoT) is a transformative tech-
nology that connects everyday objects and systems to

enable communication and data sharing. It has the potential to
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revolutionize various industries, but it also presents challenges
in terms of self-sustainability, power-consumption, and high-
speed wireless communication.

Backscatter communication (BackCom) has emerged as
an energy-efficient and low-power wireless data communi-
cation method that addresses those challenges [1], [2], [3],
[4], [5], [6].

BackCom involves changing the load impedance to reflect
the surrounding environment or incident waves, enabling
communication with minimal active devices. It can be cat-
egorized into digital modulation and analog modulation [7].
Digital modulation involves using an microcontroller unit
(MCU) or field-programmable gate array (FPGA) to select
a fixed load impedance for modulation, offering high accu-
racy but higher power consumption and limited modulation
freedom [8], [9], [10]. In contrast, analog modulation utilizes
analog circuits with components like pin diode or field effect
transistor (FET), providing lower power consumption and
greater modulation flexibility. While analog modulation may
have lower accuracy, it has garnered significant attention due
to its advantages in terms of power efficiency and modula-
tion freedom. Recent studies have focused on exploring the
potential of analog modulation in various applications [11],
[12], [13], [14]. Ultimately, the choice between digital and
analog modulation depends on the specific requirements of
the application, considering factors, such as accuracy, power
consumption, and modulation flexibility.

Traditional BackCom studies have primarily utilized simple
modulation schemes like amplitude shift keying (ASK) and
binary phase shift keying (BPSK), which have limited data
rates. To overcome this limitation, higher order modula-
tion schemes like quadrature amplitude modulation (QAM)
have been introduced. However, selecting the optimal QAM
modulation scheme to achieve low-bit error rate (BER) and
high-data rates is challenging due to the complexity of analog
modulation.

There are two key challenges in BackCom: 1) accurate
modeling of the load modulator and 2) selection of the optimal
QAM scheme based on a load modulator model to minimize
the BER and achieve high-data rates. Modeling the load
modulator’s environment is challenging due to discrepancies
between simulations and measurements, making it difficult to
determine the optimal reflection coefficient. The optimal QAM
modulation scheme needs to be selected based on modeled
reflection coefficients to achieve low-BER and high-data rates.
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These challenges require careful analysis and consideration to
ensure optimal performance and efficient data communication
in backscatter systems.

The existence of a precisely modeled reflection coefficient
facilitates the implementation of optimal QAM in BackCom,
thereby enabling the utilization of various wireless communi-
cation techniques. This success builds upon the achievements
observed in conventional wireless channels. First of all, it is
apparent that channel estimation errors shows variability based
on the composition of the training matrix [15]. Consequently,
this provides the opportunity to construct an optimal training
matrix, incorporating modeled reflection coefficients.

Second, considering that a standard backscatter channel
functions as a two-way channel, the challenge of fading
assumes greater complexity compared to conventional wireless
channels. Therefore, dedicated endeavors have been made
to integrate orthogonal space-time coding (OSTBC) into
backscattered tags using various techniques [16], [17]. These
efforts aim to enhance reliability in BackCom through the
adoption of multiple-input–multiple-output (MIMO) commu-
nication. To ensure the effective deployment of OSTBC,
maintaining orthogonality between symbols is crucial. In
this regard, optimizing coding based on modeled reflection
coefficients holds significant importance. To effectively inte-
grate polarization diversity, a crucial MIMO technique, it
is critical to calculate the modulation factor between sym-
bols and engineer antennas optimized to attain the required
cross-polarization suppression level, ensuring orthogonal
polarization between antennas. The comprehensive modeling
of reflection coefficients thus represents a highly significant
contribution to the field of ultralow power communications,
including BackCom.

A. Related Work

Previous research efforts on MIMO BackCom systems have
demonstrated and proposed numerous approaches and ideas.
The initial investigation of the multiantenna tag channel was
introduced in [18]. Subsequent extensions of this research
primarily focused on the uncoded BER for the multiple-
input–single-output (MISO) channel [19]. Studies featuring
multiple backscattering tag antennas and diversity orders
were presented in [16] and [20]. Additionally, He et al. [21]
contributed to the enhancement of BackCom’s practicality by
theoretically affirming the effectiveness of a simple yet high-
performance space-time code within the context of 2 × 2 × 2
MIMO BackCom system.

Research efforts on integrating nonorthogonal
multiple access (NOMA) into BackCom are reported
in [22], [23], and [24]. These efforts concentrate on improving
spectral and energy efficiency, as well as multiplexing
capabilities. The primary strategy in these approaches
involves the use of resilient power control, which operates
simultaneously on the same frequency. However, these papers
are constrained by their reliance on simulations and theoretical
analyses, lacking incorporation of actual measurement
data. Several research endeavors have emphasized the
implementation of parallel decoding, utilizing empirical
measurements with multiple tags to enhance throughput via

Fig. 1. Proposed MIMO BackCom system.

the wireless identification and sensing platform (WISP) [25],
[26], [27], [28]. However, It is crucial to note that these works
provide an incomplete illustration of MIMO BackCom, as
they lack consideration of multiplexing in the transceiver.
This article introduces the application of polarization diversity
through the integration of MIMO technology with multiple
tags and multiple transceivers for BackCom, alongside the
comprehensive modeling of the reflection coefficients of I/Q
load modulators, marking a pioneering contribution in this
domain.

B. Contribution and Novelty

This article introduces a method for modeling I/Q load
modulators using transfer learning. This approach enables
precise modeling of reflection coefficients and the implemen-
tation of higher order QAM schemes based on the proposed
optimization algorithm. Furthermore, this article presents 2 ×
2×2 MIMO BackCom systems and demonstrates the applica-
tion of polarization diversity through theoretical analysis and
measurements in over-the-air (OTA) environments, effectively
doubling the spectral efficiency within a designated bandwidth
(BW) in Fig. 1. These advancements have significantly con-
tributed to the practical implementation of MIMO BackCom
and IoT communications. The proposed algorithm and MIMO
BackCom are evaluated within the C-band of the industrial,
scientific, and medical (ISM) band, ranging from 5.725 to
5.875 GHz (BW = 150 MHz).

This article is organized as follows. Section II involves
the theoretical verification of polarization diversity in MIMO
BackCom, and Section III presents a modeling approach
for the I/Q load modulator and an algorithm for selecting
the optimal QAM modulation method. The design of RF
front-end system to validate polarization diversity and the
proposed optimization algorithms is discussed in Section IV.
Antenna design and measurement procedures for implement-
ing polarization diversity are elaborated in Sections V and
VI. The theory of polarization diversity and the optimal QAM
modulation method are verified through OTA measurements in
Section VII. This article concludes with a summary of findings
in Section VIII.

II. MIMO BACKCOM SYSTEM DESIGN

The first step in implementing an optimized BackCom
system based on the polarization diversity is to calculate the
received power in a single-input–single-output (SISO) system.
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Fig. 2. BackCom channel with polarization diversity: 2 × 2 × 2.

A. SISO BackCom Analysis

The calculation of the received power PR in the BackCom
system is shown in

PR = PTGRGTG2
t λ

4Xf XbM

(4π)4r2
f r2

b�
2Bf BbF

(1)

where PT is the transmit power of the transceiver [29]. GR

and GT are the transmitter (Tx) and receiver (Rx) antenna
gains of the transceiver, respectively. Gt is the antenna gain
of a backscattering tag. λ is the frequency wavelength. Xf and
Xb are the polarization mismatch in the forward and back-
ward directions, respectively. M � |�A − �B|2/4 represents
the backscatter modulation factor. �A and �B are arbitrary
reflection coefficients, and in BackCom, they have a given
value by the I/Q load modulator. rf and rb are the distance
between the transceiver and the tag, respectively. � is the tag’s
antenna gain degradation due to the environment. Bf and Bb

are the blockage loss in the forward and backward directions.
F is the backscatter link fade margin.

To simplify the system, it was assumed that there is no
antenna gain degradation and that the same antennas are
used, resulting in G = GR = GT = Gt and � = 0.
In line-of-sight (LOS) communications, when there are no
polarization mismatches, the blockage losses (Bf and Bb)

can be considered negligible. In the BackCom system being
considered, it is assumed to be quasi-monostatic, allowing for
rf = rb = r to be achieved. In an ideal situation without
fading, the fading factor F is eliminated. The reformulated
received backscattered power P̄R is shown in

P̄R = PTG4λ4M

(4π)4r4
. (2)

The simplified expression for P̄R is applicable for SISO
systems. In the case of MIMO systems, the channel structure
involving multiple antennas should be considered.

This work presents the application of the polarization
diversity technique in the BackCom system to enhance the
data rate. By utilizing an ideal antenna with distinct verti-
cal polarization (V-pol) and horizontal polarization (H-pol)
properties, as depicted in Fig. 2, the received power from
each polarization remains unaffected by the presence of
other polarizations, allowing (2) to be employed for the
calculation of received power. However, it is important to
note that real-world scenarios present challenges in designing
antennas that perfectly conform to ideal specifications without
any cross-polarization level. In practical antenna design and
the BackCom system, it is essential to consider factors,

such as antenna structure, atmospheric effects, and multipath
reflections, as they introduce cross-polarization components.
These components should be regarded as noise sources and
taken into account during system design and performance
evaluation. Therefore, even in BackCom systems incorporating
polarization diversity, it remains necessary to accurately model
the received power, considering the realistic characteristics of
the antennas and accounting for associated effects. By incor-
porating these realistic antenna characteristics and effects into
the system modeling, a more comprehensive understanding
of the system’s performance can be achieved, enabling better
optimization and evaluation of the BackCom system.

B. MIMO BackCom Channel Analysis

In order to achieve maximum data rate in high-speed
BackCom systems, it is crucial to maximize the desired co-
polarization (Co-pol) component for each polarization while
minimizing the unwanted cross-polarization (X-pol) compo-
nent. However, there is a lack of reported research efforts on
the application of polarization diversity and the appropriate
level of X-pol suppression. This article aims to fill this gap
by providing clear guidelines for X-pol suppression levels
through an analytical analysis of N-QAM (4-, 16-, and 64-
QAM) modulation schemes based on symbol boundaries. By
examining the modulation schemes and analyzing the symbol
boundaries, this study intends to determine the impact of
different X-pol suppression levels on system performance.

The objective is to establish guidelines that can optimize the
performance and data rate in high-speed BackCom systems.
The findings from this research will contribute to the under-
standing of polarization diversity and its implementation in
practical BackCom systems.

The analysis focuses on the impact of different levels of
cross-polarization suppression on system performance, using
the error vector magnitude (EVM). By evaluating these mod-
ulation schemes under varying degrees of X-pol suppression
level, the requirements for achieving optimal performance can
be determined. This analysis aims to provide insights into
the performance characteristics and requirements for imple-
menting polarization diversity in BackCom systems, ultimately
contributing to the optimization of system performance and
data rate. The analysis begins by expressing the received signal
y obtained from the received power (P̄R) in the SISO channel
as follows:

y = hb�htx + L + w (3)

where x is the signal transmitted from a transceiver. ht and
hb are the forward and backscatter channels, respectively. L
is a constant offset and consists of Tx leakage and structural
scattering. w is an additive white gaussian noise. � is the
reflection coefficient. According to (3), y is a function of �

which is a complex number. Digital modulation schemes, such
as ASK, BPSK, and QAM, can be done by manipulating �.

Based on (3), the received signals for the MIMO channel,
as shown in Fig. 2, can be expressed as follows:

[
y1
y2

]
= Hb

[
�1
�2

]
Ht

[
x1
x2

]
+

[
L1
L2

]
+

[
w1
w2

]
(4)
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Fig. 3. Received Co-pol and X-pol signals. (a) Received signals on the I/Q
plane. (b) Combined received Co- and X-pol signals.

where

Hb =
[

hb
11 hb

12
hb

21 hb
22

]
, Ht =

[
ht

11 ht
12

ht
21 ht

22

]
.

According to (4), Fig. 3 graphically represents how the
received signals y1 and y2 combine, effectively demonstrating
the simultaneous reception of both co-pol and X-pol signals.
As the matrix Hb approaches a diagonal matrix, the signal
strength of the X-pol relative to the Co-pol weakens, allowing
for the reception of only the intact Co-pol signal. However,
when the signal strength of X-pol increases in relation to
Co-pol, the components hb

12 and hb
21 also increase, making

it challenging to distinguish between the symbols. In such
cases, it is possible to restore the original signal through
channel estimation, although this process requires significant
computational resources.

To obtain a complete symbol without relying on channel
estimation, careful consideration has to be given to the X-pol
suppression level, EVM, and modulation factor M. When
both the V-pol and H-pol utilize the same square N-QAM
modulation scheme, they share the same modulation factor M.
To understand the impact of X-pol on the distinction of Co-pol
symbols in the superposition of the received signals of y1 and
y2, which is the sum of Co-pol and X-pol, is investigated by
defining the maximum distance between symbols (Mmax) of
the X-pol components as Mmax = √

2M(
√

N − 1). The values
of M and Mmax are influenced by the EVM, and as the signal-
to-noise ratio (SNR) decreases, the EVM tends to increase.
The EVM quantifies the percentage of deviation from the kth
reference symbol (SkRef) to the kth measured symbol (SkMea).
Therefore, the X-pol suppression level, SNR, and modulation
coefficient M are important for achieving accurate symbol
separation and minimizing the EVM for each received signal
y1 and y2

EVM(%) = τ =
√√√√ 1

n

∑n
k=1

∣∣SkRef − SkMea

∣∣2

1
n

∑n
k=1

∣∣SkRef

∣∣2
× 100. (5)

Consequently, redefining M and Mmax becomes necessary
when considering EVM. The modulation factor M is defined as
M̄ = M(1−τ), while the maximum distance between symbols
Mmax is redefined as M̄max = Mmax(1 + τ).

The received power of the X-pol component is determined
by the Co-pol gain Gco and the X-pol gain GX of the
antennas in the orthogonal polarization state, as depicted in
Fig. 4(a). The power received from the Co-pol component

Fig. 4. (a) Co-pol and X-pol signals received at V-pol antenna. (b) Power
ratio of Pco to PX over X-pol suppression level.

for a modulation scheme with the shortest distance between
symbols (M̄) in the 2 × 2 × 2 MIMO BackCom system can
be represented as Pco. Similarly, the power received from the
X-pol component for a modulation scheme with the longest
distance between symbols (M̄max) can be represented as PX

Pco = PTG2λ4M̄
(
G2

co + G2
X

)
(4π)4r4

(6)

PX = PTG2λ4M̄max(GcoGX + GXGco)

(4π)4r4
. (7)

Equations (6) and (7) define the X-pol suppression level as
the difference between Gco and GX . To ensure the distinction
of Co-pol symbols in the presence of X-pol, the condition
Pco > PX needs to be satisfied. Fig. 4(b) shows the power
ratio of Pco and PX for achievable X-pol suppression levels
ranging from 0 to 30 dB, considering EVM values of 0% and
30%. These results indicate that the required level of X-pol
suppression varies for the EVM value determined by SNR.
Moreover, the choice of an appropriate QAM modulation
order can be determined by estimating the theoretical limit
where Pco is greater than PX . Estimating EVM in BackCom
channels, especially when defining it based on SNR levels,
presents unique challenges compared to conventional white
Gaussian noise (AWGN) or Rician channels. The complexity
arises from the double fading effects inherent in backscatter
channels due to the signal’s round-trip path. In this study, an
SNR of approximately 10 dB is assumed in a typical indoor
environment.

To accurately assess a BackCom system’s performance,
incorporating fading channel models is crucial. While deter-
mining the X-pol suppression level related to Gco and GX for
dual-channel implementation based on polarization diversity
is complex without channel estimation, necessary parameters
like symbol separation (M, Mmax) and EVM can be effectively
determined in an AWGN channel. For instance, Rician channel
modeling for multiantenna backscatter tags in indoor envi-
ronments considers multipath fading, as detailed in [30]. The
simulation study showed that the proposed 4-QAM scheme
was effective in typical indoor settings with a K-factor of
10 dB, demonstrating its ability to accurately reconstruct the
4-QAM constellation diagram under such conditions. In excep-
tional cases where the LOS signal strength is significantly
low (K-factor below 0.3 dB), 4-QAM symbols may overlap,
contrasting with general Rician channels where such overlap
does not occur, allowing for accurate determination of M
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and Mmax values. While Rician fading and AWGN channels
show significant differences in communication performance,
the method presented in this article for determining the X-pol
suppression level remains reliable if symbol separation and
EVM can be accurately measured. This consistency enables
the design of antennas and RF front-end systems based on
an assumed EVM of 30% and an SNR of approximately
10 dB within a typical AWGN scenario. This article presents
a proof-of-concept for polarization diversity in dual-channel
MIMO BackCom, highlighting its potential for complex fading
environments. The proposed method is empirically confirmed
through OTA measurements using advanced dual-polarized
antennas with metasurface and transceivers, demonstrating the
proposed methodology’s practicality and suitability for real-
world applications.

The OTA measurement setup shown in this article
effectively mitigates multipath and fast-fading effects by incor-
porating EM absorbers around the measurement area. These
absorbers help in reducing signal reflections and scattering,
thus providing a more controlled environment for accurate
OTA measurements. This approach aids in focusing on accu-
rate I/Q modulator modeling based on transfer learning and
polarization diversity in BackCom. It also makes the AWGN
channel applicable for each Tx and Rx path, simplifying the
channel conditions and allowing for a more straightforward
analysis of the system’s performance.

III. LOAD MODULATOR DESIGN AND MODELING

In this work, a typical analog load modulator design
for BackCom was adopted and the fabricated modulator is
shown in Fig. 5 [13]. The modulator was fabricated on a
low-loss Taconic RF-35 substrate with a thickness of 0.75
mm and a relative dielectric constant (εr) of 3.5, and a
loss tangent (tan δ) of 0.0018 [31]. The modulator design
consists of two enhancement-mode high-electron mobility
transistors (E-pHEMTs, Mini-Circuits SAV-541+) in each
branch line. The phase difference between branch lines to
each the transistor is set to 45 degrees, resulting in a 90-
degree phase difference for the backscattered signals, which
are then combined using a Wilkinson power divider (WPD).
The matching stub of the modulator was optimized to achieve
the largest modulation factor within the C-band, utilizing
gate bias voltages VI and VQ ranging from 0 to 0.6 V. The
optimization process involved co-simulation using Keysight
ADS, where the S-parameters of the modulator were extracted
using a commercial full-wave 3-D finite element method
(FEM) simulator, specifically Ansys HFSS 2022 R1.

A. Precise Load Modulator Modeling Using Transfer
Learning

In BackCom systems, optimizing the data modulation
scheme is crucial for improving performance, similar to
other wireless communication systems. However, accurately
modeling the nonlinear load modulator in BackCom is chal-
lenging due to the discrepancy between the simulation-based
optimized reflection coefficients and the actual measured
reflection coefficients. Additionally, environmental factors,
such as temperature, humidity, and calibration errors, can

Fig. 5. Fabricated I/Q load modulator for BackCom.

further impact the measured reflection coefficients. To address
the challenges associated with load modulator modeling, a
transfer learning-based approach is adopted [32]. This tech-
nique leverages transfer learning to enhance the accuracy
and effectiveness of the load modulator model. By utilizing
pre-existing knowledge and models from related tasks, the
transfer learning-based approach can overcome the limitations
of traditional modeling methods and improve the performance
of the load modulator model in BackCom systems. The
technique involves the following steps.

1) Pretraining: An artificial neural network (ANN) is pre-
trained using 3721 simulation data points. The simulation data
is obtained by varying the bias voltages VI and VQ in the range
of 0 to 0.6 V with intervals of 0.01 V. The pretrained ANN
consists of three layers with 8, 7, and 6 neurons.

2) Main Training: Bias voltages VI and VQ are applied
using a function generator with 0.1-V increments. The modula-
tor’s reflection coefficient is measured using a vector network
analyzer (VNA), resulting in 49 measurement data points.
These measurement data points are then used to train a fully
connected layer with three layers comprising 5, 4, and 3
neurons.

The schematic of the proposed transfer learning technique
is shown in Fig. 6, and the measurement environment is
illustrated in Fig. 7. The proposed transfer learning model
utilizes heuristic techniques to select the best performing
model. The generated model produces both the real and
imaginary components of the reflection coefficient based on
the input VI and VQ voltages for modulation in 0.01-V steps.
The deviation between the reflection coefficients obtained
from the measurement and those derived from the designed
model was only 0.81%. The predicted reflection coefficients
for all 3721 data points are presented in Fig. 8(b). Utilizing
the proposed transfer learning model allows for the rapid
generation of numerous predicted reflection coefficients. These
predictions provide more precise intervals for both VI and
VQ, enhancing the model’s efficiency and accuracy in its
estimations. Moreover, the proposed transfer-learning aligns
with the standard complexity of ANNs, and the time and space
complexity are negligible for the model owing to the shallow
neural network structure [33]. It took approximately 14.2 s to
construct the proposed ANN model.

B. Optimal QAM Modulation Scheme

In this section, a method for selecting the optimal
QAM modulation constellation based on accurately modeled
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Fig. 6. Proposed transfer learning process for I/Q load modulator modeling.

Fig. 7. Measurement setup for a I/Q load modulator.

(a) (b)

Fig. 8. (a) Expected (simulated) and measured reflection coefficients.
(b) Modeled reflection coefficients in I/Q plane.

reflection coefficients in an actual OTA measurement envi-
ronment is presented. The raw data set of 3721 reflection
coefficients at the center frequency of 5.8 GHz, denoted as
�, undergoes a data alignment process. This alignment step
ensures that the reflection coefficients are properly organized
and matched to their corresponding QAM modulation con-
stellation points. The aligned data set is then used for further
analysis and evaluation of the BackCom system

� =
[
Re{�}i

Im{�}i

]
, i = 1, . . . , 3721. (8)

The indices a, b, c, and d are determined based on the
highest and lowest values found in both the real and imaginary

components of �, as detailed in

a = arg max
i

Re{�}i, b = arg max
i

Im{�}i

c = arg min
i

Re{�}i, d = arg min
i

Im{�}i. (9)

The corner points are defined as follows:

ka =
[
Re{�}a

Im{�}a

]
, kb =

[
Re{�}b

Im{�}b

]

kc =
[
Re{�}c

Im{�}c

]
, kd =

[
Re{�}d

Im{�}d

]
. (10)

The four k vectors correspond to the maximum and minimum
values of the real and imaginary parts of � for VI and VQ. To
represent these vectors, a 2 × 4 K is used, where the first row
contains real numbers and the second row contains imaginary
numbers, as shown in

K = [
ka kb kc kd

]
. (11)

The average value of matrix K is computed, and this average
value is used to remove the offset from the data set �

�̆T
i = �T

i − E
[
KT

i

]
, i = 1, 2 (12)

where i indicate ith row. By subtracting the average value from
each element of �, the resulting data set is centered around
zero, eliminating any offset that may be present in the original
data. This step helps to ensure accurate analysis and processing
of the aligned reflection coefficients in subsequent stages of
the BackCom system evaluation.

The rotation transformation of K with respect to θ is
expressed as (13), and θ̂ is found by solving the optimization
problem in (14a)

k̄i =
[

cos θ − sin θ

sin θ cos θ

]
ki, i = a, b, c, d (13)

(P1) : min
θ

‖Vk̄a − Vk̄d‖2 + ‖Vk̄b − Vk̄c‖2 (14a)

s.t.‖Vk̄a − Vk̄d‖ = ‖Vk̄b − Vk̄c‖ (14b)

where

V =
[

1 0
0 0

]
.
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kakc

kb

kd

kakb

kc kd

(a) (b) (c)

(d) (e) (f)

Fig. 9. Systematic approach for finding an optimized QAM constellation. (a) Reflection coefficient values. (b) Rearranged (rotated) reflection coefficients.
(c) Reference point identification through k-NN algorithm. (d) Square 16-QAM constellation points on reflection coefficient values. (e) Expected (simulated)
and measured optimized 4-QAM constellation. (f) Expected and measured optimized 16-QAM constellation.

Once the optimal θ̂ is found, �̆ can be correctly arranged by
performing the rotation transformation. The resulting align-
ment is shown in Fig. 9(b)

�̄ =
[

cos θ̂ − sin θ̂

sin θ̂ cos θ̂

]
�̆. (15)

To perform QAM modulation by selecting N points from a
properly arranged �̄, the choice of which points to select
can significantly impact the modulation factor and overall
performance. In this study, an square N-QAM is established as
the evaluation benchmark and compared with �̄ to determine
the optimal QAM constellation performance.

The square N-QAM constellation is generated using the
k-nearest neighbor (k-NN) algorithm based on the average
vector of k̄ (computed from ka, kb, kc, and kd). Using the
Euclidean distance metric, 600 center points denoted as �̃
 are
established, where 
 = 1, . . . , 600. These 600 center points are
deemed sufficient for achieving optimal QAM performance.

The square N-QAM constellation points denoted as
qi are modeled by adding the amplitudes Ac, As ∈
{±(d/2),±(3d/2), . . . ,±[(

√
N − 1)d/2]} composed of arbi-

trary real number d, to the 600 center points of �̃
, and the
constellation set Q is expressed as (15)

Q = {qi|∀d ∈ R},
qi � Acâre + Asâim + �̃
, i = 1, . . . , N (16)

where âre and âim are unit vectors for the real and imaginary
parts, respectively.

The modeled square N-QAM consists of N symbols, and
the matrix �̂i is formed by selecting reflection coefficients that

exist at the shortest Euclidean distance for qi, one by one

�̂i = arg min
�̄

√(
�̄ − qi

)2
, i = 1, . . . , N. (17)

The difference between �̂i and the symbols of the square N-
QAM is accumulated and defined as �

� =
N∑

i=1

√(
�̂i − qi

)2
. (18)

To find an optimized QAM constellation, the minmax
algorithm of (19) is performed on the difference � and the
distance d between arbitrary symbols

�opt = arg max
d

min
�

�̂. (19)

The optimization results for 4-QAM and 16-QAM modu-
lation schemes, achieved through transfer learning for the
center frequency band of interest, are presented in Fig. 9(e)
and (f), respectively. These optimizations resulted in EVM
values of 1.59% and 3.49%, respectively. Table I provides
the corresponding VI and VQ values used for generating the
optimized QAM constellations. It is important to note that
the optimization technique described is not limited to these
specific modulation orders and can be extended to higher
order modulations as well. The QAM constellations exhibit
rotation of the reflection coefficients, which is proportional to
the wavelength difference from the center frequency. Fig. 10
illustrates the constellations where the optimization is main-
tained across the given BW (5.725 ∼ 5.875 GHz), showcasing
the robustness and effectiveness of the proposed technique.
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TABLE I
OPTIMIZED BIAS VOLTAGE FOR 4- AND 16-QAM

Fig. 10. Measured 4- and 16-QAM constellation diagrams over a bandwidth
of 150 MHz.

C. Energy Efficiency Analysis

One of the advantages of optimized QAM modulation is
its high-energy efficiency. It is important to consider energy
efficiency in wireless communication systems for IoT, as it
directly impacts the overall power consumption and battery
life of devices. By minimizing the power consumption of
the modulator, the energy efficiency of the BackCom system
can be enhanced, making it well-suited for low-power and
sustainable IoT applications. The majority of the DC power
is consumed by E-pHEMTs consisting of the proposed analog
I/Q load modulator. The DC power consumption can be
calculated using (19). By dividing PDC by the data rate, the
energy per bit can be determined. Furthermore, optimizing
the QAM modulation scheme enables higher data rates while
maintaining the energy per bit (energy efficiency)

PDC = 1

2
CV2fs (20)

where C represents the gate capacitance, fs represents the
switching speed, and V represents the applied gate voltage.

Based on the provided information, the DC power consump-
tion of the designed modulator can be calculated for both
4-QAM and 16-QAM modulations.

For 4-QAM modulation, the first FET has a power con-
sumption of 3.4 μW, and the second FET consumes 3.6 μW,
resulting in a total energy consumption of 7 μW. Similarly,
for 16-QAM modulation, the first FET consumes 4.7 μW,
and the second FET consumes 5.5 μW, resulting in a total
energy consumption of 10.2 μW. Comparing these values to
the power consumption when using a voltage range of 0 to
0.6 V (taking the average of 0.3 V) without optimization,
both 4-QAM and 16-QAM consume a total of 11.7 μW of

power. This indicates that the optimized QAM modulation
results in lower power consumption, highlighting the energy
efficiency achieved through the proposed optimization process.
It is important to note that as the data rate increases, the
switching speed also increases, which can lead to higher DC
power consumption.

Therefore, the optimization process not only improves the
EVM performance but also offers energy efficiency benefits,
making it advantageous for BackCom systems. It should be
noted that this optimization process is particularly beneficial
when managing multiple backscatter tags within the same
environment. It is highly probable that I/Q load modulators
designed through the same manufacturing process in a similar
working environment have a similar optimal QAM scheme.
A one-time machine learning-based optimization process of a
single tag is able to enhance the overall system performance of
the BackCom system, particularly in the presence of multiple
backscatter tags. The additional power consumption at the
backscatter node required for training the transfer learning-
based ANN is estimated to be approximately 410.1 μW, based
on 16-QAM as a reference. This additional power consumption
arises from selecting an additional 33 bias points compared
to the 16 bias points selected for 16-QAM. It should be
noted that the implementation of the proposed backscattering
system eliminates the need for conventional wireless systems,
such as WiFi, ZigBee, or Bluetooth for node communication.
Moreover, the proposed system consumes less than 0.6 mW,
which is significantly lower than the tens of mW typically
required by conventional wireless systems for transmitting
signals.

IV. RF FRONT-END SYSTEM FOR MIMO BACKCOM

Fig. 11 shows the block diagram of the proposed MIMO
transceiver system designed for BackCom applications,
employing a 2×2 MIMO transceiver structure [34], [35]. The
system incorporates a voltage controlled oscillator (VCO) that
generates an output frequency of 5.8 GHz with a power of
2 dBm. This signal is then amplified by two power amplifiers,
PA1 and PA2, which provide gains of 11.5 and 10 dB,
respectively. The amplified signal is divided into two equal
power signals using a WPD, which achieves a power split of
3 dB. Each of these signals is then transmitted via two transmit
(Tx) antennas, enabling the radiation of a 5.8-GHz continuous
wave (CW) signal.

For the Rx chain of the system, the backscattered signal
received by the Rx antenna is first amplified by a low-noise
amplifier (LNA) with a gain of 21.6 dB. The amplified signal
is then mixed with the signal obtained from the 20-dB coupled
line coupler. This mixing process takes place in the mixer and
results in the generation of a baseband signal through direct
down-conversion. In the proposed BackCom system, even a
small difference in the tone of the received signals can have a
significant impact when directly down-converted. To address
this issue, the CW signal with the same tone is distributed
and used as the input to the WPD. Each baseband signal is
then processed separately. A total of four signals are collected
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Fig. 11. Proposed 2 × 2 MIMO transceiver system for BackCom: (a) system
block diagram and (b) fabricated system.

using a digital storage oscilloscope (DSO) for further analysis
and evaluation.

The collected signals obtained from the MIMO transceiver
system were processed and analyzed using MATLAB. The
transceiver system was implemented on commercially avail-
able FR-4 substrate with a thickness of 1 mm and dimensions
of 58 × 52.6 mm2. The FR-4 substrate used in the printed
circuit board (PCB) has a relative dielectric constant (εr)

of 4.14 and a loss tangent (tan δ) of 0.02. The proposed
MIMO transceiver system for BackCom shown in Fig. 11 was
employed for the measurements. The measured output power
levels of Tx1 and Tx2 ports were 14.5 dBm. Table II shows
a detailed list of components used in the designed MIMO
transceiver system.

V. ANTENNA DESIGN

As shown in Fig. 4(b), the antenna plays a crucial role in
implementing polarization diversity by providing high-X-pol
suppression levels and SNR improvements. Increasing the
antenna gain is a straightforward approach to enhance SNR,
especially when dealing with limited transmitter power. In
this article, a dual-polarized Vivaldi antenna is employed
to achieve high gain and suitable X-pol suppression lev-
els. Vivaldi antennas are renowned for their wide BW,
low-cross-polarization, and high-gain characteristics, making
them an excellent choice for the proposed MIMO BackCom
system [36].

The curved line f1 = 3.93 × e(30x) − 3.3 mm, which
constitutes the radiator, is expressed in terms of x and spans a
range from 0 to 84 mm. Additionally, f2 = −5133× e(0.23x) +

TABLE II
COMPONENT LIST

0.012 × e(−0.18x) mm and f3 = (1.28 × 1013) × e(0.946x) −
0.133 × e(−0.137x) mm are also expressed as exponential
functions with respect to x, where the range of x for f2 is
from −42 to −30 mm, and the range of x for f3 is from −34
to −30 mm. As a result, antennas 1 and 2 have radiators with
nearly identical structures and are only slightly deformed by
the assembly slots.

To ensure effective excitation and maintain a reflection
coefficient below −10 dB within the operational frequency
band, a radial stub was incorporated into the design. In
the V-pol antenna (antenna 1), a small rectangular metal
patch structure was used to establish a galvanic connection
with the radiator of the H-pol antenna (antenna 2). The two
antennas were separated by a slot specifically designed for
dual-polarization assembly, positioned orthogonally to each
antenna. Additionally, to further enhance the gain and improve
the SNR, corrugations and metasurface structures were incor-
porated into the antenna design, as illustrated in Fig. 12. These
elements contributed to an overall increase in antenna gain and
resulted in improved system performance. Detailed antenna
design parameters are summarized in Table III. The effects
of corrugation and metasurface are discussed in below. The
effects of corrugation and metasurface structures in the antenna
design are as follows.

1) Corrugation: A corrugation structure in the form of a
slot array was implemented at the edge of the radiator. This
slot array consists of slots with specific dimensions, forming
an anisotropic impedance surface. The width of each slot is
λg/4, and the height is λg/10, where λg represents the guided
wavelength. This structure creates a high-impedance surface in
the vertical direction (z-direction) relative to the electric field,
while maintaining a low-impedance surface in the horizontal
direction. The purpose of this design is to suppress side lobes
and improve the antenna’s gain [37]. The width W2 and height
L2 of the slot for the designed corrugation structure in this
article are shown in Table III.

2) Metasurface: A metasurface with double negative
(DNG) electromagnetic properties was designed in this work,
specifically targeting negative permittivity (ε) and nega-
tive permeability (μ) within the C-band frequency range.
To analyze the proposed metasurface, the ε and μ val-
ues were extracted based on the S-parameters, utilizing
the meta-atom configuration within the experimental setup
depicted in Fig. 13(a) [38], [39]. The resulting ε and μ values
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Fig. 12. Antenna geometry. (a) 3-D view of the assembled dual polarized
vivaldi antenna. (b) Planar view of the vivaldi antenna.

TABLE III
ANTENNA DESIGN PARAMETERS IN MM

exhibit negative values across the entire frequency band of
interest as shown in Fig. 13(c). This DNG structure enables
the improvement of antenna gain by leveraging the negative
refractive index and phase [40], [41].

Fig. 14 illustrates the enhanced gain achieved for both
the V-pol and H-pol antennas through the incorporation of

Fig. 13. (a) Meta-atom deign for metasurface: Simulation setup and
unit cell (meta-atom). (b) Simulated reflection and transmission coefficients.
(c) Extracted equivalent complex constitute parameters (εeff and μeff ).

Realized Gain

X-pol suppression level

Realized Gain

X-pol suppression level

(a) (b)

Fig. 14. Antenna gain and X-pol suppression level with and without
corrugation and metasurface: (a) V-pol and (b) H-pol.

Fig. 15. Antenna measurement setup. (a) Single antenna. (b) Transmit and
receive antennas.

corrugation and metasurface structures. It should be noted
that the X-pol suppression level remains at a moderate level,
demonstrating its suitability for implementation in MIMO
BackCom systems.

VI. ANTENNA MEASUREMENT

The high-gain Vivaldi antenna integrated with a metasurface
was fabricated using a 1-mm thick FR-4 substrate with relative
permittivity (εr) of 4.14 and loss tangent (tan δ) of 0.02. A
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X-pol suppression level

Realized Gain Realized Gain

X-pol suppression level
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(e) (f) (g) (h)

Fig. 16. Measured and simulated antenna performances. (a) Reflection coefficient. (b) Transmission coefficient. (c) V-pol antenna gain values over frequency
at boresight. (d) H-pol antenna gain values over frequency at boresight. (e) Antenna gain patterns at φ = 0◦ (V-pol). (f) φ = 90◦ (V-pol). (g) φ = 0◦ (H-pol).
(h) φ = 90◦ (H-pol).

3D-printed fixture was employed, to hold two Vivaldi antennas
together tightly. The incremental effects of the 3D-printed
frame on the antenna’s performance were observed, revealing
a similarity between the combined antenna and the simulation
results. The printed fixture played a crucial role in maintaining
the antenna position, minimizing polarization mismatch, and
preserving antenna performance.

The fabricated antenna was measured in an anechoic cham-
ber for performance evaluation as shown in Fig. 15(a). Both
the V-pol and H-pol of the fabricated antenna satisfied the
requirement of having reflection coefficients below −10 dB
in the C-band. The measured transmission coefficient between
the ports (cross-pol coupling) was found to be less than
−26 dB as shown in Fig. 16(b). The radiation patterns at the
center frequency is also shown in Fig. 16(e)–(h). Fig. 16(c)
and (d) represents the gain versus frequency for theta = 0
and phi = 0. While the X-pol suppression experiences slight
reduction due to manufacturing errors, a theoretical X-pol
suppression level of 12 dB or higher at an EVM of 30%
is sufficient for implementing the polarization diversity of
4-QAM, as depicted in Fig. 4(b).

The measured X-pol suppression levels ranging from 15 to
20 dB are sufficient for implementing polarization diversity in
the BackCom system for 4-QAM modulation, as discussed in
Section II-B. Both the V-pol and H-pol exhibit high-realized
gain values exceeding 11.5 dBi within the operating frequency
band, and the SNR was measured at 11 dB. Based on the
parametric study presented in Fig. 17(a), the optimal isolation
was achieved when the distance between the Tx and Rx
antennas was 13 cm. This high-isolation level is attributed
to the structural effect of the antenna being slanted at a 45-
degree angle. To securely position the Tx and Rx antennas, a
3D-printed frame was designed, as shown in Fig. 15(b). The
measured isolation between the Tx and Rx antennas is shown
in Fig. 17(b). The proposed antenna configuration for the RF
front-end system demonstrates a significant level of isolation,
with values below −40 dB for both Tx and Rx. This substantial

(a) (b)

Fig. 17. (a) Isolation between antenna2 and antenna4 according to distance.
(b) Coupling between Tx and Rx antennas.

isolation contributes to reducing Tx leakage to the Rx chain
and renders the designed RF front-end system well-suited for
BackCom applications.

VII. BACKSCATTER COMMUNICATION MEASUREMENT

Fig. 18 shows the proposed measurement environment for
the MIMO BackCom system, which includes the MIMO
transceiver, antennas, and modulator tags. The spacing
between the tag and the transceiver was set at 11.6 λ0,
where λ0 is the wavelength in free space. The V-pol and
H-pol modulators were modulated using bias voltages VI

and VQ, respectively. These modulators implemented the
optimized QAM scheme derived from transfer learning-based
modulator modeling, as shown in Table I. The modulators of
the backscattering tags were driven by a function generator.
Due to the limitations of the equipment’s BW, the gener-
ated pulse had a BW of 4 MHz. To validate the proposed
2 × 2 × 2 MIMO BackCom system, three frequency points
were selected at low, center, and high-frequency ranges. The
received backscattered data was captured using a DSO, and
the collected data was subsequently processed using MATLAB
for further analysis and evaluation. Due to the presence of I/Q
imbalance in the collected raw data, a compensation process
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Fig. 18. OTA measurement setup.

Symbol state

Transitional 
state

Fig. 19. Received BackCom signal at transitional state.

was applied to mitigate the imbalance issue. A constellation
diagram of the H-pol data at the center frequency after
I/Q compensation is shown in Fig. 19, and the pulse signal
generated by the function generator exhibited a transient state,
resulting in a transient trajectory. To eliminate this transitional
trajectory, the k-means clustering algorithm was employed.
Assuming backscattering of the 4-QAM signal, four symbol
sections (Symbol 1, Symbol 2, Symbol 3, and Symbol 4) were
expected. s

As a result, the pulse formed four clusters representing
the four symbol states, with transitional trajectories occur-
ring during transitions between symbols. This transitional
trajectory, considered as packet loss that fails to discriminate
symbols, resulted in the removal of approximately 20% of the
data farthest from each centroid. Therefore, Fig. 20 presents
the properties of the OTA measurements for 4-QAM and
16-QAM of H-pol as a single channel after signal processing
at low, central, and high frequencies, with an average EVM
of 5.9% in 4-QAM and 6.3% in 16-QAM. The presented
constellation diagram shows the effectiveness and practicality
of the proposed QAM optimization regarding frequency BW
in an OTA environment. The design of the proposed antenna
features robust broadband impedance matching between the
antenna and the modulator. This highlights the significance
of load modulator modeling over the antenna’s position or
allocation. The diagram displays uniform constellation patterns
at a distance of 11.6 λ0, consistently observed across the
operational frequency BW, under the condition that the far-
field requirements are met.

For the measured EVM value of approximately 6%, the
I/Q modulators performing the same QAM modulation should

Fig. 20. Measured 4- and 16-QAM single channel constellation diagrams.

Fig. 21. Measured 4-QAM dual channel constellation diagrams.

have an X-pol suppression level of at least 6.8 dB in 4-QAM
and 16.7 dB in 16-QAM, as calculated based on (6) and
(7). The Vivaldi antenna used in the study exhibits a X-
pol suppression level of around 18 dB, which is sufficient
for implementing dual channels of both 4-QAM and 16-
QAM. Fig. 21 shows six constellation diagrams of 4-QAM
measured in OTA for dual channels, where V-pol and H-pol
each exhibited an average 9.35% EVM performance. It is
worth noting that V-pol had a lower modulation factor than
H-pol. The discrepancy noted in this article primarily stems
from manufacturing errors, such as issues with soldering,
fabrication, or packaging of modulators. While commercial
transistors and PCB processes exhibit minor errors, making a
single modulator model generally sufficient. The discrepancies
observed in OTA measurements are primarily attributed to
the manual assembly and soldering processes of circuits.
Automated manufacturing process can reduce such discrepan-
cies. However, when discrepancies arise, as noted in this study,
it’s essential to separately compute the modulation coefficients
for V-pol and H-pol, adjusting them according to the specified
equations shown in (6) and (7). In the 150-MHz BW, M̄ was
found to be the smallest compared to M̄max when calculating
the Pco of V-pol and PX of H-pol at 5.875 GHz. In this
case,M̄max was found to be 3.28 times larger than M̄. Based on
these results, the required X-pol suppression level is calculated
to be 17.5 dB or more for 4-QAM and 27 dB or more for
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TABLE IV
PERFORMANCE COMPARISON TABLE

16-QAM. Consequently, the X-pol suppression level of the
antenna used is approximately 18 dB, making it theoretically
challenging to implement 16-QAM MIMO BackCom, which
aligns with the measurement results. It is also important to note
that the M̄max used in the calculation of (7) sets the theoretical
upper bound by considering the power of PX based on the
maximum modulation factor observed diagonally between
symbols. If PX varies according to changes in the distance
between the tag and receiver and multipath conditions, there
is a possibility for MIMO BackCom to operate even when
the X-pol suppression level calculated from (7) is at the level
calculated as M̄max/

√
2.

On the other hand, the I/Q load modulator mismatch
problem can be effectively reduced by using an automated
fabrication process. However, it is crucial to emphasize that
the required X-pol suppression level varies significantly with
the degree of inconsistency, as shown in the previous results.
Therefore, this result highlights the feasibility and effective-
ness of utilizing the proposed transfer learning-based approach
for modeling and implementing higher order modulation
schemes in MIMO BackCom systems.

The power consumption, calculated using (19), was found to
be 0.047 pJ/bit for both 4-QAM MIMO BackCom, considering
the energy per bit with a BW of 150 MHz. With 4-QAM,
the data rate is doubled through the dual polarization channel,
enabling data rates of 300 Mb/s within a 150-MHz BW in the
C-band.

Table IV provides a comparison of the proposed MIMO
BackCom system with those from other studies focusing
on high-order modulation. By implementing polarization
diversity and utilizing dual channels, the proposed BackCom
system achieved improved data rates within the allowed
BW of the ISM band. Furthermore, despite being a dual-
channel system, the proposed transfer learning-based modeling
demonstrated superior EVM performance while maintaining
energy efficiency.

VIII. CONCLUSION

This article introduces a novel approach for enhancing
dual-polarized MIMO BackCom systems utilizing transfer
learning-based modulation optimization. The study focuses on
accurately modeling the I/Q load modulator for optimized
higher order modulation schemes using transfer learning
techniques, which exhibits robust performance in real OTA
measurement environments. Moreover, the proposed optimized
modulation scheme maintains consistency across a wide

operating frequency BW of 150 MHz and offers high-energy
efficiency. This article also includes the first OTA measure-
ments of a dual-polarization BackCom system, providing
valuable insights into the implementation requirements for
MIMO BackCom. The use of dual channels and dual polar-
ization demonstrates significant enhancements in data rates,
particularly with higher order modulation. These research
findings are expected to have a substantial impact on the
progress of IoT technology.
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