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Abstract— The Internet of Things (IoT) denotes a concept of
connected devices that communicate seamlessly over the Internet.
The wireless connectivity between IoT nodes and the Internet
gateways can be realized in unlicensed frequency bands upon the
low-power wide-area network (LPWAN). It is foreseen that due to
a massive introduction of IoT devices the unlicensed bands will
experience an increased interference level which will negatively
affect the communication performance. Therefore, adaptive
solutions should be considered to obtain robustness. This paper
presents a time-modulated antenna array (TMAA) for LPWAN
receivers and demonstrates its interoperability with a commercial
of-the-shelf LoRa device. According to the conducted
experimental investigation, whereby the beam-steering is obtained
over the sidebands inherently generated by the TMAA, both the
received signal strength and the signal-to-noise ratio are improved
by means of the progressive delay applied to the time modulation
functions.
Index Terms—adaptive antennas, adaptive arrays, beam
steering, time-modulated antenna arrays, interference
suppression

I. INTRODUCTION

T

HE LOW-POWER WIDE-AREA NETWORK (LPWAN) is the
key enabling technology for the Internet of Things (IoT)
[1]. In Europe, LPWANs can be deployed in the unlicensed
frequency band from 863 to 870 MHz [2]. The massive
introduction of IoT devices and the use of unlicensed bands are
greatly affecting the occupancy and thereby the interference
levels [3]. Therefore, improved communication solutions must
be implemented. For example, the chirp spread spectrum (CSS)
modulation is utilized in the LoRa technology for LPWAN
because of its robustness to narrow-band interferences [4], [5].
Immunity to unwanted signals can also be obtained by
increasing the antenna gain in a desired direction and
suppressing reception of interfering signals arriving from other
directions. Such functionality can be provided to a wireless
system by implementation of an adaptive antenna array (AAA);
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however, relatively high cost and high energy consumption of
conventional AAAs are limiting their wide implementation in
IoT devices [6].
In this letter we present AAA for IoT gateways based on a
concept of the time-modulated antenna array (TMAA). This
concept was selected due to its key advantages over
conventional AAAs especially for IoT applications, i.e. low
energy consumption and non-complex implementation [7].
TMAAs, despite their assets, possess one main drawback—
limitation of a maximum signal bandwidth which can be
processed without aliasing [8]. It can be extended with
enhanced architectures [9] and advanced switching sequences
[10], although, if the unwanted sidebands are not perfectly
rejected they may cause an intrinsic interference when the
signal bandwidth is larger than the time modulation frequency
[11]. As a consequence, the applicability of TMAAs in modern
wideband networks is restricted, because according to the
current state-of-the-art the bandwidth of TMAAs is typically
less than few megahertz when regular radio frequency (RF)
switches are implemented [12]. Nevertheless, such a narrow
bandwidth is sufficient for wireless networks based on LPWAN
technology. Therefore, in this paper we present a TMAA
designed for the LoRa receiver which is suitable for
implementation in the receiving IoT gateways.
II. THEORETICAL ANALYSIS
A. TMAA Array Factor
TMAAs are electromagnetic systems whose radiated power
pattern is controlled by the application of variable-width and
variable-duration periodic pulses to the individual elements
[13]. The array factor of a linear TMAA composed of uniformly
distributed elements can be formulated as:
𝑁−1

𝐴𝐹(𝜃, 𝑡) = 𝑒 𝑗2𝜋𝑓𝑐 𝑡 ∑ 𝐼𝑛 𝑚𝑛 (𝑡)𝑒 𝑗𝛽𝑛𝑑 sin 𝜃

(1)

𝑛=0

where θ is the angle in respect to the broadside direction, fc is
the carrier frequency, N is the number of elements in the array,
In is the complex amplitude of an exciting signal applied to the
nth element, mn(t) denotes the time modulation function applied
to the nth element, d is the distance between elements of the
array, β = 2𝜋/λ is the wavenumber in the free space, and λ is the
wavelength in the free space. If mn(t) is periodic with the period
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Fig. 1. Concept of TMAA for adaptive reception in LPWAN network.

T0 = 1/f0 and fc ≫ f0 then it can be expressed in terms of the
Fourier coefficients M(k)n. Thus (1) can be formulated as:
+∞

𝐴𝐹(𝜃) = ∑

𝑁−1

𝑒 𝑗2𝜋(𝑓𝑐 +𝑘𝑓0)𝑡

𝑘=−∞

(𝑘)

∑ 𝐼𝑛 𝑀𝑛 𝑒 𝑗𝛽𝑛𝑑 sin 𝜃

(2)

𝑛=0

where M(k)n is the kth complex Fourier coefficient of the nth
modulating function and k ∈ ℤ. According to (1) and (2) the
periodic time-variation results in generation of sidebands [14].
Sidebands can be considered as partial patterns of the TMAA
and used for the beam-steering [15]. This property enables
application of TMAAs in adaptive wireless systems to improve
the link budget in the desired direction while suppressing
interfering signals approaching from other directions.
B. TMAA Gain and Efficiency
The realized gain of the TMAA can be expressed as:
(𝑘)

𝐺𝑅

(𝑘)

= 𝐷0 𝜂𝑟 𝜂𝑓 𝜂mod

𝑑
𝜆

𝑁
sin ( 𝛽𝑑 sin(𝜃) + Δ𝜙)
2
𝐷(𝜃) = 𝐷0
𝑁
( 𝛽𝑑 sin(𝜃) + Δ𝜙)
2

(5)

Control of the phase progression enables the beam-steering
which can be used for adaptive signal reception.
(3)

where D0 is the directivity of the non-modulated array, ηr is the
radiation efficiency of the non-modulated array, ηf is the
efficiency of the feeding network with switches in the static
mode, and η(k)mod is the time modulation efficiency when only
the kth component is utilized [9]. If the TMAA is based on
SPST switches and the switch-on duration equals T0/2, then
η(-1)mod = 10.13%. This relatively low time modulation
efficiency can be compensated with high directivity. For the
broadside linear array the peak directivity can be approximated
with the following formula [16]:
𝐷0 = 2𝑁

Fig. 2. Comparison of SINR obtained with four element TMAA and isotropic
antenna.

(4)

According to (3) and (4), the linear TMAA with SPST
switches should be composed of at least 10 elements in order to
compensate for the power losses caused by the time modulation
and match the gain of a single non-modulated antenna.
In a general sense the directivity of N-element linear array is
a function of the angle θ and depends on the phase progression
Δϕ. It can be approximated with the following formula [16]:

C. Signal-to-interference-plus-noise ratio
The power of sidebands inherently generated by the TMAA
for the desired and interfering signal can be calculated as 𝑆 (𝑘) =
(𝑘)
(𝑘)
𝑃𝑠 𝐺𝑅 (𝜃𝑠 )/𝐿𝑠 and 𝐼 (𝑘) = 𝑃𝑖 𝐺𝑅 (𝜃𝑖 )/𝐿𝑖 , respectively, where P
is the transmitted power, θ is the angle of arrival, L is the
propagation loss, and the subscripts ‘s’ and ‘i’ refer to the
desired and interfering signals, respectively. The signal-tointerference-plus-noise ratio (SINR) can be calculated as
𝑆𝐼𝑁𝑅(𝑘) = 𝑆 (𝑘) /(𝐼 (𝑘) + 𝑁), where N is the total noise power.
Fig. 2 shows comparison of the normalized SINR in the receiver
which utilizes the first negative sideband component (k = –1)
generated by the 4-element TMAA and an isotropic antenna for
a specific case when Ls = Li, θs = 30°, θi = 0°, Pi = 10Ps and
N = 0.1Ps. When Δϕ = –90° then the null of the radiation pattern
is directed toward the interfering transmitter, and the main
beam is directed toward the desired transmitter. Because the
time modulation efficiency applies equally to the power of
desired and interfering signals, it has no impact on the ratio
between both values, therefore the SINR obtained for a single
sideband component can be significantly higher compared to
the reception with the isotropic antenna.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at
http://dx.doi.org/10.1109/LAWP.2020.3007925

3
III. SYSTEM DESIGN
A. LoRa Devices
Fig. 1 shows a LPWAN network based on the LoRa
technology. It consists of the LoRa transmitter with a sensor,
the interfering transmitter, the TMAA used in the receive mode,
and the receiving LoRa gateway. Both the LoRa transmitter and
the receiving LoRa gateway were based on a commercially
available wireless transceiver RF-LoRa-868-SO [17]. This
transceiver is based on SX1272 integrated circuit which
provides two fundamental quality indicators, i.e. the received
signal strength indicator (RSSI) and the signal-to-noise ratio
(SNR), where the noise power includes also distortion and
interference. Both LoRa devices were configured to transmit or
receive signals with the spreading factor of 12, the code rate of
4/5 and the channel bandwidth of 250 kHz.
B. Design of the TMAA
The designed TMAA after fabrication is presented in Fig. 3.
It consists of four reflector-backed dipoles arranged into a linear
array. The spacing between dipoles equals 17.5 cm which
corresponds to the half of the wavelength in the free space at
the operational frequency. Each element of the array is
connected to a throw of the single-pole double-throw (SPDT)
radio frequency (RF) switch. Another throw of each switch is
terminated to 50 Ω in order to realize the time modulation by
means of the on/off switching. A commercially available switch
SKY13286-359LF was selected due to a relatively short RF
rise/fall time (30 ns), low insertion loss at 868 MHz (0.8 dB),
and high isolation between switching ports (62 dB) [18].
The control unit of the TMAA is composed of a master clock
generator and four daisy-chained programmable delay lines
(PDLs). The master clock generator is based on Si5351A
integrated circuit, which generates four synchronized clock
signals with the duty cycle of 50%, hence the on-state and the
off-state durations for all elements are equal to the half of the
modulation period, i.e. 500 ns each. PDLs are utilized to apply
delays to each of these clock signals. The maximum delay is
1 275 ns and it can be controlled with a step of 5 ns.
Fig. 4a shows normalized antenna patterns measured over the
first negative partial pattern (k = −1) for different delayprogressions of the time modulation functions Δt = Δtn − Δtn-1
which translates to the phase progression introduced to the
sideband components: Mn(k) = M0(k)e–j2𝜋knΔt/T0 [19]. The
measured 3 dB scanning range covers a wide sector of 95°
because of the almost omnidirectional element pattern. Fig. 4b
shows the main beam and nulls for three representative values
of the delay-progression. In total 171 different TMAA patterns
for Δt varying from –425 ns to 425 ns were measured. Obtained
directions of the main beam and four nulls versus the delayprogression are presented in Fig. 5 which demonstrates, that the
beam-steering is achieved jointly with the null-steering.
Independent and more flexible formation of nulls is possible;
however, it would require advanced synthesis of the TMAA
pattern or implementation of an adaptive algorithm which is out
of the scope of this letter.

Fig. 3. Antenna array composed of four dipoles with metallic reflectors.

(a)

(b)
Fig. 4. Antenna patterns measured over the first negative sideband component
(k = –1) for different values of delay progression Δt: (a) polar coordinates, (b)
rectangular coordinates.

Fig. 5 Direction of main beam and nulls measured over the first negative
sideband pattern (k = –1) for different values of delay progression Δt.

IV. EXPERIMENTAL STUDY OF LORA RECEIVER WITH TMAA
A. Experimental Setup
The experimental setup was constructed inside an anechoic
chamber according to a diagram presented in Fig. 1. Both LoRa
devices used in the experiment (the transmitter with a sensor
and the receiving gateway) were designed according to the
description given in the Section II-A. The interfering
transmitter was realized by using the Rohde & Schwarz
SMBV100A signal generator transmitting a narrow-band signal
at frequency 869 MHz via a standard gain antenna. The setup
was arranged in an unfavorable way, i.e. the interfering
transmitter was located in front of the receiving antenna
(TMAA), whereas the desired LoRa transmitter was located at
the angle of –30°.
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B. System Configuration
The designed TMAA was applied to the LoRa gateway as a
receiving antenna. The LoRa transmitter was configured to
transmit at the carrier frequency fc = 869 MHz in a narrow
bandwidth of 250 kHz. The master clock of the TMAA was set
to f0 = 1 MHz to avoid aliasing between spectral replicas of the
received signal. Fig. 6 shows two spectra of the original signal
received with a conventional antenna and the time-modulated
signal received with the TMAA. In the latter case, in result of
the periodic switching, the spectrum is composed of spectral
replicas located at fc +kf0. In order to take advantage of an
additional TMAA capability (i.e. beam-steering) the LoRa
gateway was tuned to process the first negative spectral replica
located at fc − f0 = 868 MHz. The power level of this component
is 10 dB lower compared to the original signal which means that
the TMAA-based beam-steering introduces a substantial loss of
the received signal power.
C. Interference Suppression
The performance of the interference suppression obtained by
means of the beam-steering was investigated experimentally.
The output power of the LoRa transmitter was fixed, whereas
the output power of the interfering transmitter (Pi) has been
changing in a range from –30 dBm to –10 dBm. The TMAA
was operating in a scanning mode, i.e. the delay progression has
been incrementally changed from –425 ns to 425 ns with a step
of 5 ns in order to obtain a continuous change of the main beam
and nulls locations according to Fig. 6. The values of the RSSI
and the SNR reported by the receiver of the LoRa gateway are
presented in Fig. 7 and Fig. 8, respectively. Measurements were
repeated 10 times and averaged to decrease the quantization
error.
For Δt = 0 the first negative partial pattern of the TMAA is
configured for a broadside reception. In consequence, due to an
unfavorable spatial arrangement, the main beam is directed
toward the unwanted transmitter (0°) and the third null is
directed toward the LoRa transmitter (–30°) which causes a
substantial drop of both the RSSI and the SNR.
For Δt < –100 ns the main beam is directed toward the LoRa
transmitter which has a positive impact on the quality of
transmission. For example, peak values of the RSSI and the
SNR were obtained for Δt = –275 ns. A high SNR is achievable
also, if the main beam is not directed toward the LoRa
transmitter. For example, if Δt = 120 ns then the signal from
LoRa transmitter is received by a sidelobe. Although, in such a
case, its value is more susceptible to the power of the interfering
signal. A significant change of the SNR is observed when Δt is
in a range between 200 ns and 300 ns, because the third null and
the fourth null pass the direction of the interfering transmitter
and the direction of the LoRa transmitter, respectively. After
comparing all configurations of the TMAA we can summarize
that the best improvement of the SNR was observed for a case
of a strong interference (Pi = –10 dBm). In such a case the SNR
was improved by 25 dB compared to a broadside configuration
of the TMAA.

D. Discussion of Results
Both the RSSI and the SNR depend substantially on the
shape of the antenna pattern, which is controlled by Δt. The
RSSI reported by the LoRa receiver gives a coarse information
of the received signal strength. Its variation over Δt is similar
for different Pi which indicates immunity of this parameter to
the interference; however, its influence is still noticeable. For
example, the highest RSSI was reported for a strong
interference (Pi = –10 dBm). Hence, calculation of RSSI also
includes some part of the interfering signal and should not be
considered as a figure of merit. The SNR is very sensitive to an
interference. Its top values were obtained when the main beam
was directed toward the LoRa transmitter and the second null
was directed toward the interfering transmitter.
V. CONCLUSION
We have presented the interoperability between the TMAA
and a commercial of-the-shelf LoRa transceiver and
demonstrated that the beam-steering obtained over the sideband
components is suitable for implementation in LPWAN
receivers. The experimental results proved that the beamsteering can be effectively utilized to improve the RSSI and
SNR even in the presence of an interference. The feasibility of
an adaptive LoRa receiver based on the TMAA was verified
without an adaptive algorithm; however, the proposed design
demonstrates a potential for a future work dedicated to adaptive
optimization of the antenna pattern in dynamically changing
conditions.

Fig. 6. Spectra of original and time-modulated signals measured with spectrum
analyzer in max hold mode.

Fig. 7. RSSI measured for different power of interfering signal.

Fig. 8. SNR measured for different power of interfering signal.
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