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Abstract—Internet-of-Things (IoT) is emerging, while the
spectrum is at a premium. To enhance spectrum efficiency, a
promising solution is Non-Orthogonal Multiple Access (NOMA)
that enables users to communicate with the same resource at
the same time, while decoding the superimposed signal at the
receiver. Existing NOMA technologies, however, rely on strict
power control to decode the superimposed signal, infeasible
for heterogeneous and low-cost IoT devices. In contrast, we
propose I-Talk, a new NOMA scheme that is designed for IoT
and can decode the superimposed signals from two transmitters
without power control. Importantly, considering the IoT systems
in the wild, both the hardware imperfections and mobility are
unavoidable, which can cause severe signal variations, resulting
in an unreliable decoding performance. To solve this problem,
we design a synthesis channel coefficient to track all signal
offsets caused by the hardware imperfection. Meanwhile, we
propose a diversity transmission and smart combining scheme
to achieve high reliable decoding performance. To demonstrate
the feasibility of this new NOMA approach in practical systems,
we implement I-Talk with USRP devices and the experimental
results illustrate that I-Talk achieves a one-order lower bit-error-
rate and a 1.47× higher throughput gain than the state-of-the-art
superimposed signal decoding scheme.

Index Terms—Wireless Communication, Spectrum Efficiency,
Superimposed Signals.

I. INTRODUCTION

A. Background

The unprecedented growth of the Internet-of-Things (IoT)
comes with emerging communication demands [1], [2]. As
a result, wireless spectrum is scarcer [3], [4]. To meet the
increasing demand, it is critical to improve the spectrum
efficiency. Traditionally, the spectrum is allocated orthogonal
to each user in time/frequency/code domains [5]. But this
allocation becomes less efficient for a massive number of IoT
devices, and it can lead to severe spectrum competitions.

To increase spectrum efficiency, recent studies proposed
Non-Orthogonal Multiple Access (NOMA) that enables mul-
tiple users to use the same spectrum at the same time and then
the receiver decodes superimposed signals [6], [7]. Although
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Fig. 1: Decoding the superimposed signal in modulation-level.
In this example, we consider two concurrent transmitters using
BPSK modulation for simplicity. When two BPSK modulated
signal symbols from two transmitters arrive at the receiver,
the receiver can decode the superimposed signal symbol
by calculating the minimum Euclidean distance between the
received signal symbol and the codes in the constellation map.
In the above example, the decoding result is ‘11’, which means
that both of the transmitted signal symbols are ‘1’. Note that
we use the terms demodulation and decoding interchangeably.

promising, NOMA originated from cellular networks and is
incompatible with many IoT applications. Specifically, to de-
code the superimposed signal, most NOMA technologies use
the Successive Interference Cancellation (SIC) approach which
requires a strict power control to maintain signal strength gaps
among users. However, this precise power control may not be
feasible for many IoT devices that are heterogeneous and often
of low-cost.

Can we decode the superimposed signals for NOMA with-
out the power control? To answer this question, we are inspired
by the Physical-layer Network Coding (PNC) [8], [9], [10]
that can decode superimposed signals in the modulation level
without requiring any power control among users. The basic
idea of this modulation-level decoding scheme is that each
received signal symbol can be decoded by matching to the
possible representative code in the constellation map as shown
in Fig. 1. Since PNC requires to know one of the two
concurrently transmitted signals, the number of the possible
representative codes is halved, making it easier to decode.
However, to decode superimposed signals from two users
with NOMA, no signal is known in advance, so it is more
more difficult to decode. Furthermore, considering the IoT

Authorized licensed use limited to: UNIVERSITY OF VICTORIA. Downloaded on June 06,2021 at 23:46:35 UTC from IEEE Xplore.  Restrictions apply. 



1536-1276 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2021.3057864, IEEE
Transactions on Wireless Communications

2

systems in the wild, both the hardware imperfections and the
dynamic channel conditions can cause severe variations on the
received signal symbols, resulting in an unreliable decoding
performance. Therefore, a reliable modulation-level decoding
scheme for IoT remains an open issue.

B. Challenges and Proposed Solutions

In this paper, we propose I-Talk, a new NOMA technology
that can decode the superimposed signals from two concurrent
transmitters in the modulation level without power control. I-
Talk aims to achieve high reliability in the presence of hard-
ware imperfections and mobile channel conditions. However,
it is non-trivial to realize I-Talk due to the following practical
challenges.

• First, to decode the superimposed signal in the modulation
level, symbol-level synchronization is required in both the
time and frequency domains, i.e., signals from the two
users should arrive at the receiver simultaneously and on
the same frequency. However, synchronizing IoT devices in
the presence of hardware imperfections and mobile channel
conditions is non-trivial. This is mainly because the hard-
ware imperfections can cause unpredictable signal offsets
in the time, frequency, and phase domains. Moreover, the
mobility together with the Doppler effect from the mobile
IoT devices can cause extra signal offsets compared to static
scenarios, which deteriorates the synchronization accuracy.

• Second, decoding the superimposed signal from the modu-
lation level is intrinsically difficult in matching the location
of the received signal symbol to its representative code
precisely. In particular, both the hardware imperfections
and mobility can cause severe signal variations, so that
some codes in the constellation map are too close to each
other and cannot be distinguished clearly, resulting in an
unreliable decoding performance.

To deal with the above challenges, we first study the signal
offsets caused by the hardware imperfection and mobility, i.e.,
the Carrier Frequency Offset (CFO), the Sampling Frequency
Offset (SFO) and the Sampling Time Offset (STO), and design
a synthesis channel coefficient to represent all these offsets.
By doing so, we can trace all the offsets and then eliminate the
side effects of these offsets, providing a stable synchronization
performance. Second, by exploiting the complementary prop-
erty of the representative codes and the subcarriers’ differences
in complicated channel environments as well as the substantial
diversity gain of transmitting two copies of the signal, we
propose a diversity transmission and smart combining scheme
to achieve high reliable decoding performance.

The main contributions of this paper are as follows:

• We derive a synthesis channel and based on this design,
I-Talk can achieve near-perfect synchronization for IoT
devices in the presence of the hardware imperfections and
mobile channel conditions.

• We propose a reliable superimposed signal decoding ap-
proach for NOMA without any power control. Moreover,
with the proposed diversity transmission and smart combin-
ing scheme, I-Talk can achieve high reliability regardless of

the hardware imperfections and mobility in both static and
mobile IoT systems.

• We implement I-Talk on a software-defined radio plat-
form and evaluate its performance across various scenarios.
Our extensive experimental results demonstrate that I-Talk
achieves a one-order lower bit-error-rate and a 1.47× higher
throughput gain in the mobile scenario, outperforming the
state-of-the-art scheme.

C. Related Work

Non-Orthogonal Multiple Access (NOMA). NOMA tech-
nology aims to better utilize the spectrum by enabling multiple
users to transmit their signals using the same wireless spec-
trum, i.e., at the same time and on the same frequency [6],
[7], [11]. To implement NOMA in practice, it requires a
considerable large signal power gap between different users,
so that each signal can be separated in the power domain [12],
[13]. Although promising, when it comes to heterogeneous and
often low-cost IoT devices, the signal power gap cannot be
maintained due to the complexity and hardware imperfection,
making the existing NOMA technologies infeasible to many
IoT systems, which motivated this work.

Physical-layer Network Coding (PNC) and Analog Net-
work Coding (ANC). PNC [8], [9], [10], [14], [15], [16] and
its counterpart solution ANC [17] have drawn many attentions
recently in the superimposed signal decoding for relay net-
works. These solutions can be adopted for relay system where
the receiver knows one of the two signals superimposed, and
then the unknown signal can be decoded by removing the
known signal from the superimposed signal. PNC decodes the
superimposed signal in modulation-level from the constellation
map, while ANC decodes in analog-level by canceling out the
known signal. Both cannot be extended to multiple access sce-
narios. Furthermore, existing PNC and ANC are dedicated to
static scenarios, and may encounter a performance degradation
in the presence of mobility.

Decoding superimposed signals for low data rate tech-
nologies. Many recent work focus on decoding superimposed
signals in low data-rate technologies, such as RFID [18],
LoRa [19], ZigBee [20] by leveraging their spread-spectrum
feature or over-sampling long symbols. But these solutions
cannot be utilized by other general data-rate systems, such as
Wi-Fi. I-Talk focuses on OFDM, which is feasible for many
technologies with a general date rate, e.g., IEEE 802.11.

Space-time codes. The space-time code is applied in the
literature to obtain a diversity gain, such as the Alamouti
Code [21], [22], [23]. But it requires multi-antenna to transmit
the coded symbol, which may not always be feasible or
desirable for IoT devices. We notice that some work studied
the use of space-time code for concurrent users in theory [24].
However, the work requires perfect knowledge of the Channel
State Information (CSI) before each transmission and neglects
the influence of the hardware noises. As a result, a varying
channel in practice may lead to its performance degradation.
In I-Talk, we aim to design a practical NOMA scheme for IoT,
and therefore we make no assumption on the CSI and work
well for a single-antenna system. On the other hand, when
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the IoT devices do have multiple antennas, it is possible to
combine both space-time codes and I-Talk technologies for a
better performance, as they are orthogonal.

II. I-TALK OVERVIEW

I-Talk is designed to decode the superimposed signal for
IoT systems, aiming to achieve high reliability in the presence
of mobility and hardware imperfections. I-Talk first addresses
several critical issues in practice, including the time, fre-
quency and phase synchronizations in the mobile scenario
with hardware imperfections. Next, I-Talk investigates the
underlying reasons of the decoding error for superimposed
signals, and reveals a complementary property of the decoding
error in the constellation map. Based on that, I-Talk designs a
diversity transmission and smart combining decoding scheme
for superimposed signals to guarantee high reliability. We
elaborate on the above components and provide the technical
details in the next few sections.

Note that our current system is aiming to improve the
communication performance from the design of the physical
layer, such as the encoding and decoding process. We are
aware that the current work is lacking the description of MAC-
layer details which are beyond the scope of this work. But we
understand that the MAC protocol is a critical further research
issue. Therefore, we provide some initial thoughts as follows.

UE1

UE2

Sink

Data1 ACK UE1

Data1&Data2

Data2

Call-up UE1&UE2

ACK UE2

Fig. 2: An illustrative example of the transmission process.

For distributed transmissions, we have seen a growing
interest in improving the diversity gain from multiple con-
current transmitters in a distributed manner [25], [26], [27].
In particular, at the first stage of the transmission, a lead
transmitter will call up a transmission, and one slave node
with the first reply will be selected to join in the transmission
as another party of the two-user concurrent transmission.
Note that the selection of the slave node has also been well-
studied in the area of opportunistic routing for ad-hoc wireless
networks [28]. For central control transmissions, although
the end users of many IoT applications are low-cost, e.g.
wireless sensor networks [29], the sink node or gateway node
is capable of scheduling the transmission of low-cost devices.
For example, the concurrent transmission from two low-cost
sensor nodes can be scheduled by the sink node, by which the
collision can be avoided and the latency can be reduced. An
illustrative example is shown in Fig. 2.

III. PRACTICAL CHALLENGES IN DECODING
SUPERIMPOSED SIGNALS

I-Talk is proposed to decode the superimposed signal in
modulation-level. To achieve that, the system requires an
accurate estimation of the signal variation before decoding.

However, in practice, the hardware imperfection and mo-
bility will decrease the estimation accuracy significantly. In
particular for a superimposed signals, the decrease of the
estimation accuracy would result in a much higher decoding
error. To address that, we first illustrate the preliminary of
the superimposed signal. Second, we study the key factors in
affecting the estimation accuracy. Last, we propose a solution
to improve the the estimation accuracy in the presence of the
mentioned practical challenges.

A. Preliminary

Considering the basic case of two concurrent transmitters,
the received superimposed signal Y can be represented as

Y = H1X1 +H2X2 +N, (1)

in the frequency domain. Here, X1 and X2 are the transmitted
signals, and H1 and H2 are the corresponding channels be-
tween the two transmitters and receiver, respectively. N refers
to the white Gaussian noise. Eq. 1 is valid in an ideal scenario
where the channel is the only factor to cause signal variations,
without considering the hardware imperfection. In practice,
precisely measuring the channel is the key to successful
decoding. Indeed, decoding the superimposed signal demands
a high synchronization accuracy in the time, frequency and
phase domains [8].

First, symbol-level time synchronization is needed [8], [9],
[10] for decoding the superimposed signal. Specifically, by
using IEEE 802.11p as an example, the time synchronization
error should be no larger than 2 µs. Recent work has shown
that this level of synchronization is achievable on off-the-shelf
devices, e.g., a 300 ns accuracy for outdoor scenarios can be
achieved by GPS clocks [30]. For simplicity, we use a com-
mercial GPS clock to achieve the required time synchroniza-
tion. More details are presented in Sec. VI. Second, besides
the time synchronization, due to the highly mobile channel
conditions and hardware imperfections, various signal offsets
deteriorate the frequency and phase synchronizations, making
decoding superimposed signals non-trivial. In the following,
we focus on these unsolved synchronization problems, and
assume the time synchronization have been well achieved.

B. Vital Factors of the Signal Variation Estimation

For a single pair of transmitter and receiver, decoding a
signal require us to deal with three offsets at the receiver [31],
[32]: the Carrier Frequency Offset (CFO), the Sampling Fre-
quency Offset (SFO) and the Sampling Time Offset (STO).
Generally, CFO and SFO exist because of the differences
between the internal oscillators, and STO is caused by signal
detection failures [33]. To correct these offsets, a precise
offsets measurement is needed at the receiver. But the mo-
bile channel condition and hardware imperfections make the
precise offsets measurement hardly achievable, even using the
GPS clock [30], [34]. Moreover, concurrent transmitters cause
more offsets and make channel conditions more complicated.

Signal offsets. To see these offsets clearly, we conduct a
benchmark experiment with two USRP devices as a transmitter
and a receiver deployed in two vehicles, respectively. Each
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Fig. 3: Signal offsets in the mobile scenario with Doppler effect.

Fig. 4: Preamble and packet formats.

device connected to a GPS clock for synchronization. The
signal is operating at 5.9 GHz carrier frequency with 10 MHz
bandwidth, and the synchronization error under ideal condition
is around ±50 ns. The more detailed setup is introduced in
Sec. VI-A. Specifically, Fig. 3a shows that CFO has a large
fluctuation up to 3.5 KHz in the presence of the Doppler effect
and the hardware imperfection. Fig. 3b plots the mismatch
in terms of symbols for STO. This mismatch would not
directly cause a synchronization failure, but it would lead to
more phase offsets, making the signal hard to be decoded
successfully. Note that the symbol and the sample are used
interchangeably as no oversampling is assumed in our system.
The probability of a successful match is only 50% due to
mobility. Fig. 3c shows that there is a large phase variation for
SFO caused by mobility and hardware imperfections. Note that
CFO affects the frequency synchronization, while SFO and
STO damage the phase synchronization. Therefore, to decode
the superimposed signal, we need to track and react to these
offsets using precise channel measurements.

Preamble design. To ensure precise packet detection and
channel measurement, each packet should start with a pream-
ble, which is also critical for handling the three offsets.
In IEEE 802.11p, a preamble containing a Short Training
Sequence (STS) for the packet detection and a Long Training
Sequence (LTS) for measuring the channel condition and the
three offsets. However, LTS can be easily be collided under
concurrent transmissions. To understand this more clearly,
we start from introducing the procedure of the use of LTS.
Specifically, once a signal is detected by a receiver via STS,

the receiver will apply an FFT operation with an FFT window
to capture LTS. Because LTS is predefined in advance, the
comparison between the received LTS and the transmitted LTS
would reveal the signal variations that caused by the channel
condition and the offset. In a single transmitter system, it is
straight-forward to capture LTS with the FFT window. But
for a system with two concurrent transmitters, especially with
mobility, different LTS may collide with each other due to the
propagation delay and hardware processing delay, and then
the FFT window would later capture a mixed LTS from two
transmitters. As a result, the receiver cannot distinguish the
signal variations caused by the interruption of other LTS from
the variations caused by the channel condition and the offsets,
making the following procedure unable to react accurately. To
address this problem, we insert two extra NULL symbols as
the guard intervals shown in Fig. 4 to enlarge the distance
of two transmitted signals in the time domain. By doing
so, although LTS from different transmitters may have time-
domain shifts caused by the mentioned delays, the guard
intervals provide a robust range to avoid the collision of LTS
in practice. The newly added NULL symbols are sufficient
for addressing the LTS collision problem and the additional
overhead is negligible as detailed in Sec. V. Note that during
a packet transmission time, e.g., 1 ms, the channel distance
and propagation delay changes of due to user mobility (in
nano-second level) are negligible, which will not affect I-Talk
performance. In the following design of I-Talk, we will use
the proposed preamble as our default settings.

In our design, the performing of the decoding relies on an
aligned preamble between two users and the allocated pilot
subcarriers should be known in advance. Note that given the
existing feedback used in infrastructure-based IoT systems,
such as 3GPP, the additional bits to notify the settings of I-
Talk in the feedback message are negligible.

C. Synthesis Channel Estimation

Next, we describe the mathematical representation of the
superimposed signal at a receiver. For a received sample r(tn),
it contains a summation of two signals, s1 and s2, and the
white Gaussian noise n0. Due to the offsets, more changes
will be reflected on the received signal beyond the channel
response. Specifically, ∆fi causes CFO, and niε causes STO,
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Fig. 5: The constellation map of the received signal.

and then the received superimposed signal can be represented
as

r(tn) = ej2π∆f1nT1

∑
i

h1i(nT
′
1)(s1(n− n1ε)T

′
1 − τ1i)

+ ej2π∆f2nT2

∑
i

h2i(nT
′
2)(s2(n− n2ε)T

′
2 − τ2i) + n0,

(2)
where T ′i and Ti are the sampling time at the receiver and the
transmitter (i.e., SFO), respectively [33], and hi and τi are the
channel impulse response and the delay, respectively.

Although CFO, STO and SFO are caused by different
reasons, all of them induce a phase shift to the signal. These
phase shifts can be described as

θk,CFOn = 2π∆fnT, (3)

θk,STOn = 2πknε/Nd, (4)

θk,SFOn = 2πkγ(Nd + L)/Nd, (5)

where n refers to the n-th sample of the signal sequence and
k is the k-th subcarrier index of one OFDM symbol. γ =
(T − T ′)/T is defined as the sampling time error ratio, and
L the length of the Cyclic Prefix (CP), and Nd the length of
the data part in every OFDM symbol. Here, we can use CFO
error ratio ε = ∆f/f to infer SFO error ratio γ. We assign
two pilot samples for each transmitter to keep tracking the
varying offsets in every symbol. Overall, the total phase shift
can be written as

θkn = θk,CFOn + θk,STOn + θk,SFOn . (6)

One thing worth noting is that for a single transmitter,
the offsets can be measured first and compensated later.
However, for a superimposed signal, compensating the offset
for one transmitter would hurt the other, since the offsets from
different transmitters have different characters. To solve this
problem, instead of compensating the signal, I-Talk combines
the channel conditions and the offsets to define a synthesis
channel H,

H = Hejθ
k
n , (7)

which can enable the receiver to decode the signal dynamically
according to the channel condition and the offsets.

By using the BPSK modulation as an example, we have
four combinations representing “11”, “00”, “10” and “01”.
As shown in Fig. 5a, in the presence of offsets and varying
channel conditions, the signal from the concurrent transmitters
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Fig. 6: Benchmark experiment results. “11/00” represents that
“11” is mistakenly decoded as “00” and vice versa.

do not have a constant phase relationship with each other,
resulting to a varying constellation map over time. In contrast,
with the proposed synthesis channel, we can precisely track
the varying pattern of the constellation map to identify the
combinations of the superimposed signal which is shown in
Fig. 5b labeled by different colors.

IV. UNDERSTANDING THE DECODING ERROR

A. Decoding Error Analysis

To deal with the decoding error, existing solutions employ
packet retransmissions [35], [36], [12], [11], [37]. However,
the retransmission may introduce extra communication over-
head and long delay, which is not desirable for many IoT
applications. To design a reliable decoding scheme and reduce
the decoding error, we start by understanding what are the
specific decoding errors and where are these errors from.

Signal variations in the IQ domain. We conducted a
benchmark experiment with the same setting in Sec. III-B.
OFDM with the BPSK modulation is used for communica-
tions. The varying channel during the experiment is repre-
sented by the SNRs of the two transmitters shown in Fig. 6a.
When two BPSK modulated signals arrive at a receiver con-
currently, four possible combinations exist in the IQ domain,
representing “11”, “10”, “01” and “00”. A decoding error
happens when the received signal is misidentified as wrong
combinations by the receiver. Fig. 6b shows the decoding
error distribution, which is calculated from more than 2500
concurrently transmitted packets. Obviously, in most cases, it
cannot distinguish “11” from ‘00” and “10” from “01” with the
percentage of 51.47% and 47.16%, respectively. Furthermore,
we observe that the positions of the codes may change and
become too close to be distinguished (Fig. 7c and Fig. 7d) due
to the signal variation caused by dynamic channel conditions
and hardware imperfections, which will be exacerbated in
mobile scenarios. This observation implies that controlling
the positions of the codes is the key to reduce the decoding
error. Specifically, we focus on reducing the decoding errors
of “11/00” and “10/01” since these two error cases account
for a dominant portion (i.e, 98.63%) of all error cases.

Impact factors of the codes position. The positions of the
codes in the constellation map and the decoding error prob-
ability are mainly determined by two factors: the amplitude
of both signals (|H1| and |H2|) and the phase difference φ of
the two signals. More detailed quantitative analysis and BER
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(a) Distinguishable case 1. (b) Distinguishable case 2. (c) Indistinguishable case 1. (d) Indistinguishable case 2.
Fig. 7: Position variation of received symbols in the constellation map.

expression can be found in [38], [39]. To further understand the
effect of each factor on the decoding performance, we plot the
BER heatmaps under different SNRs and phase differences in
Fig. 8 via Monte Carlo simulations. Here, we use SNR instead
of |H| since SNR is a common metric for signal amplitude.
We observe the following property:

Given SNR1 and the SNR ratio, the lower BER and higher
BER appear alternatively as the phase difference φ varies
from 0◦ to 360◦. The best choice of φ for the lower BER
is centered around 90◦ or 270◦ (defined as ‘good regions’).
In contrast, the higher BER occurs when φ is centered around
0◦ or 180◦ (defined as ‘bad regions’). Furthermore, the three
BER heatmaps have the same trend as SNR1 varies from 6 dB
to 12 dB, which indicates that the positions of ‘good regions’
and ‘bad regions’ are not affected by SNR values. Note that
by using this knowledge of ‘good regions’ and ‘bad regions’, a
receiver can directly anticipate the possible BER range through
measuring the phase difference φ with the preamble.

B. Manipulating the Phase Difference

The above property motives us to manipulate the phase
difference φ for a good decoding performance 1.

Complementarity between “11/00” and “10/01”. Recall
that our goal is to reduce the decoding errors of “11/00” and
“10/01” cases. So, we zoom in on the two ‘bad regions’ (i.e.,
φ = 0◦, 180◦) for “11/00” and “10/01” cases, respectively.

Apparently, as shown in Fig. 7d, when “11” and “00” cannot
be distinguished easily, the distance between code “11” and
code “00” (denoted as d11/00) is small. The similar situation
for “10/01” case can be observed in Fig. 7c. Thus, we need
to manipulate the phase difference of the transmitted signals
to adjust d11/00 and d10/01 in the constellation map.

To change the phase difference, for simplicity, we assume
H1 is fixed and then rotate H2 from point a to b, c, d as shown
in Fig. 9a. Apparently, d11/00 gets its maximum value 2(|H1|+
|H2|) and minimum value 2(|H1|−|H2|) when H1 and H2 are
in the same direction (point a) and the opposite direction (point
c), respectively. In contrast, d10/01 gets its maximum value and
minimum value at point c and a, respectively. Furthermore,
Fig. 9b shows the variation trend of d11/00 and d10/01 with

1In fact, we can either control the SNR or the phase difference to achieve
a lower BER. However, controlling signal amplitude requires strict power
control which may be impractical for most IoT devices that are heterogeneous
and often low-cost.

respect to different phase differences. We obtain the following
complementary property:

The two ‘bad regions’ for “11/00” and “10/01” are com-
plementary to each other. Specifically, when it is difficult
to distinguish “11” from “00”, “10” and “01” can be dis-
tinguished easily, and vice versa. To further validate the
complementary property, we conduct simulations based on the
BER expression [38] and plot the BER curves in Fig. 9c.
We observe that the ‘bad region’ with φ = 0◦ (denoted as
bad10/01) is only bad for the “10/01” case, while it is actually
good for the “11/00” case. Similarly, the ‘bad region’ with
φ = 180◦ (denoted as bad11/00) is bad for “11/00”, but good
for “10/01”.

V. A RELIABLE DECODING SCHEME

In this section, we propose a reliable approach for decoding
the superimposed signal in the presence of the hardware
imperfection and mobility.

A. Rotation Code Based Diversity Transmission

The observation mentioned above motivates us to leverage
the complementary property to reduce the decoding error.
Specifically, our idea is to explore the diversity gain to let each
node transmit two copies of the signal within one transmission.
If we can control the phase difference of the first copy
pair (φA) to fall into bad11/00 and the phase difference of
the second copy pair (φB) in bad10/01, we can perfectly
eliminate these two error cases when combining the two
copies for decoding. Here, we assume the two concurrent
transmitters transmit two copies of their signals sequentially.
At the receiver, it would receive the two superimposed signal
copies from the two transmitters. Hence, we denote the phase
difference of the first copy as φA, and the second as φB .

However, in practice, it is challenging to precisely manip-
ulate the phase difference into the specific ‘bad regions’ due
to the large initial phase noise in many devices [40], [41].
Indeed, we cannot precisely control the values of φA and φB .
Our solution is that, first, we need to guarantee φA 6= φB . To
do so, we rotate the second copy of one transmitted signal with
a certain angle α, while keeping the other copies unchanged,
i.e., φB = φA +α. Here, we can safely assume that the angle
relationship is consistent within one packet [5]. Second, if one
phase difference (φA or φB) is in one ‘bad region’, we need
to let the other phase difference in the complementary region.
To this end, we observe that the distance between two ‘bad
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Fig. 9: Conceptual illustration of the complementarity between “11/00” and “10/01”: (a) H2 rotates from point a to b,c,d, and
distances d11/00 and d10/01 vary accordingly. (b) d11/00 and d10/01 fragments with respect to different positions (i.e., different
phase differences φ). (c) Theoretical results from the BER expression.

regions’ is 180◦ and the BER curve is monotonous from one
‘bad region’ to its adjacent ‘good region’ (Fig. 9c). Therefore,
we find the optimal rotating angle α to be 180◦.

B. Smart Combining

At the receiver side, for each copy, the received symbols
can be decoded following the minimum Euclidean distance
scheme in the IQ domain as described in Section I shown in
Fig. 1. So, we have two decoding results for each received
symbol, say X̂A and X̂B . Which one should be selected as
the final decoding result or how to combine these two results?

Decoding selection. Intuitively, we can employ Maximum
Ratio Combining (MRC) to combine these two results. How-
ever, MRC performs well when the constellation map is
regular and the same for all copies [42], [43]. Due to the
mobile channel conditions and hardware imperfections, the
constellation maps become irregular and different. So, we
cannot directly use the MRC approach. Another possible
solution is to assign weights to each result based on the Error
Vector Magnitude (EVM). However, this solution normally
requires a stable channel condition and a high SNR [44], [45],
which may not be available in mobile scenarios.

Our idea is to leverage the complementarity between
“11/00” and “10/01”. Specifically, if X̂A equals X̂B , we can
directly obtain the final result X̂ = X̂A = X̂B . Otherwise,

Fig. 10: Process of decoding selection. bad{A refers to the
complementary set of the codes that this ‘bad region’ specified.
For example, if φA is in bad11/00, bad{A contains “10” and
“01”.

if φA is in a ‘good region’, we can trust the first copy and
use X̂A as the final decoding result. But, if φA is in a ‘bad
region’, we need to check this ‘bad region’ specifying bad11/00

or bad10/01. If X̂A is not in the code set that this ‘bad region’
specified, we can still trust X̂A. Otherwise, we will trust X̂B .
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The procedure is illustrated in Fig. 10.
Subcarriers’ diversity. For 802.11p, using OFDM, the

channel behaviors of different subcarriers are different due
to the hardware imperfections and the frequency selective
fading [46], [47]. Furthermore, the mobile channel conditions
exacerbate the differences among subcarriers. To see this
clearly, we conduct a benchmark experiment. Fig. 11 plots
φ of one signal copy pair within one packet for different
subcarriers. Clearly, the values of φ vary among subcarriers. In
some subcarriers, φ is around 90◦ or 270◦, which is in a ‘good
region’; in other subcarriers, φ is around 0◦ or 180◦, which
is in the ‘bad region’ for “10/01” or “11/00”, respectively.
Fig. 12 plots φ for different subcarriers under different time
index (represented by the packet index). Apparently, even for
the same subcarrier, φ is not stable and varies with time.

Algorithm 1: Smart Combining.

Result: The set of final decoding results, X̂ = {X̂k
[i]}.

for i = 1 to number of symbols do
for k = 1 to number of subcarriers do

if (X̂k
A[i] == X̂k

B[i]) or (φkA[i] ∈ Rgood) or

(X̂k
A[i] ∈ bad{A[i]k ) then
X̂k

[i] = X̂k
A[i];

else
X̂k

[i] = X̂k
B[i];

end
end

end

The above experimental results reveal that the phase dif-
ference not only varies with subcarriers but also with time.
Therefore, we need to apply the above decoding selection
approach for every subcarrier at any given time. For simplicity,
we summarize the smart combining in Algorithm 1. I-Talk
system can keep the packet-level structure intact so our design
can be readily adopted together with the existing error control
mechanisms, such as using ACK and retransmission. After
I-Talk decodes the superimposed signal from two users, the
receiver will check the CRC of both the received packets.
Next, at the ACK time slot, the receiver will broadcast the
packet sequences that it has successfully received, and then
the transmitter will decide whether to transmit new packets or
retransmit the previous one. This decision is independent of
the other transmitter, which makes I-Talk easy to implement.

C. Analysis

The orthogonal preamble. In the preamble design, the two
LTS from each concurrent transmitter are orthogonal to each
other in the time domain, which only introduces a small extra
overhead. For example, for an 802.11p packet with 1460 bytes,
and 6 Mbps transmission rate, the extra overhead is only 2.1%
for two concurrent transmitters.

The overhead of the smart combining. I-Talk requires
a traversal procedure of the packets to complete the smart
combining. As the procedure can be piggybacked to the signal

decoding component, the overhead is linearly increased and
limited by the packet length. For the transmission part, at first
glance, our scheme seems to introduce an extra overhead as
we transit two repetitive symbols within in one packet, and
therefore although we enable two users to transmit their packet
at the same time, the overall throughput may equal to the back-
to-back transmission of two users. In practice, our scheme can
outperform back-to-back transmission, and we explain this in
three-folds.

First, current IoT wireless communications often experience
complicated fading channels, so to conquer this challenge,
many IoT standards and protocols [48], [49], [50], [51] require
users to blindly transmit their packets multiple times so that
at least one of the packets can be correctly received. For
example, the 3GPP standard requires the blind retransmission
of multiple times for IoT/machine-to-machine transmissions
given different SNR [49]. Under this design principle, we
actually need to compare our scheme with the back-to-back
transmission that includes a blind retransmission, and I-Talk
can achieve a much higher throughput.

Second, our solution zooms in to the particular characters of
the superimposed signal, and we develop encoding and coding
schemes accordingly which offers a superior communication
performance. Therefore, when compared with other concurrent
transmission schemes that rely on retransmission [10], [12],
our scheme aims to successfully decode the superimposed
signal in the first place, which saves the transmission energy
and spectrum.

Third, our current implementation uses repeating symbols
to obtain a diversity gain. By doing this, the decoding accuracy
can be enhanced. To further improve the performance of our
design, more sophisticated coding strategies can be combined
with our encoding part. Here we use the rotational coding [5]
as an example. In a nutshell, the rotational code would encode
two symbols from two consecutive packets with a rotation
matrix, and by doing this, the receiver can decode both of
the two transmitted symbols as long as one of the symbols is
correctly decoded, which offers a diversity gain plus a coding
gain. Therefore, we can use this newly obtained coding gain
to compensate our cost of the diversity gain, and eventually
offers even higher throughput gain when competing with back-
to-back transmission without blind transmission. We see this
as a promising direction, and we will investigate it in our future
work.

Capacity regions. In this paper, we introduce I-Talk a
NOMA technology, for enabling two users to transmit their
packets at the same spectrum resources simultaneously. Our
current implementation of I-Talk is compared with IoT com-
munication that enables blind transmission, and the results
in Fig. 13 show that I-Talk, by using half of the channel
resources, the BER is below 10−4 when SNR is higher than
10 dB. In particular, in Fig. 13, we compare the average BER
of two concurrent users between the NOMA scheme with SIC
and with I-Talk, and we also plot the theoretical and simulation
results of the BPSK modulation for a singular transmitter as
a reference. Note that the results are based on a case that
both of the received signal SNR are identical, and under such
a case, the SIC would perform much worse compared with
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Fig. 11: Subcarriers’ diversity within a packet.
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Fig. 12: Subcarriers’ diversity among packets.

Fig. 13: Decoding performance comparisons.

the performance of I-Talk, and we will detail the reason as
follows.

The capacity analysis of OMA and NOMA with SIC have
been well-studied in the literature [5]. Here, we start from
some of the concepts of these knowledge and then explain
our scheme. For traditional two-user OMA schemes, such as
FDMA, TDMA, and CDMA, the capacity is limited by the
user’s capacity region. For example, under AWGN channels,
the capacity regions for user 1 at a communication rate R1,
user 2 at a communication rate R2 can be found as{

R1 ≤W log2(1 + P1

N0
),

R2 ≤W log2(1 + P2

N0
),

(8)

where W is channel bandwidth in Hz, P1 and P2 are the
received power for user 1 and user 2, respectively, and N0

denotes the power spectral density of the white Gaussian noise.
Since OMA schemes need to divide the channel resource, an
increased share and rate for user 1 will lead to a decreased for
user 2, and the overall performance can be seen in Fig. 14.

Instead of competing for the spectrum resources, NOMA
aims to let the two users access the channel simultaneously
with some mutual interference. As a result, a new capacity
region for the sum of two users can be represented as

R1 +R2 ≤ log2(1 +
P1 + P2

N0
). (9)

R2

R1

log2(1 + P2
N0

)

log2(1 + P1
N0

)log2(1 + P1
P2 + N0

)

log2(1 + P2
P1 + N0

)

NOMA with SIC

OMA

I-Talk

Fig. 14: Capacity analysis.

To achieve this goal, current NOMA leverages SIC to decode
the signals from two concurrent users. Without loss of gener-
ality, we assume that P1 ≤ P2, the receiver decodes the signal
from user 2 first, and then cancels it out from the received
signal. After that, the signal from user 1 can be decoded as
interference from other user is cancelled. From the capacity
perspective, the user 1 can use its full rate as log2(1 + P1

N0
),

and user 2 can have a rate as

R2 = log2(1 +
P2

P1 +N0
). (10)

By doing this, the overall capacity of the two users can be
improved compared with OMA schemes.

However, to implement SIC in practice, a strong assumption
is needed. In particular, an obvious power gap should exist
between the transmitted signals from the two users; otherwise,
the SIC cannot separate the signals effectively and obtain the
desired capacity gain. Let us use numerical analysis to study
this situation. For example, we have two signals at SNR of 5
dB, which means

P1

N0
=
P2

N0
= 5dB. (11)

When the receiver uses SIC to decode the superimposed signal,
the SNR for user 2 would be decreased to 0.76, or -1.1 dB,
which is undesirable for practical communication systems.
Note that this low SNR will appear as long as the received
signal powers are similar. To address this problem, I-Talk
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releases the constraint of the power gap. We decode the signal
in the modulation level so that the signal would be separated
in the constellation map instead of in the power domain,
and by doing this, the capacity bound of I-Talk approaches
log2(1 + P1+P2

N0
), as shown in Fig. 14.

Compassion with back-to-back transmissions. First, in
the PHY layer, error coding has been an essential part for
wireless systems, and many current systems and standards are
embracing the blind retransmission to increase the reliability
and reduce the cost of unwanted packet losses [48], [49],
[50], [51]. To this end, by using two blind back-to-back
transmissions without ACK as an example, it would take 4
time slots for two concurrent users, instead of using I-Talk with
only 2 time slots, by which we can save a comparable overall
transmission time. Since we can decode the superimposed
signal and each of the signal copies has been transmitted
twice, we can utilize this diversity gain to further improve
the decoding performance by our smart combining scheme.
Next, ACK feedback and retransmission is a link-layer error
recovery solution, which is effective if the residual error rate of
the PHY layer is low; otherwise, most packets may require a
large number of retransmissions, leading to poor performance
and low efficiency. Therefore, in wireless systems, the PHY
layer needs to bring down the bit error rate to be sufficiently
low using error coding (such as blind retransmission or various
error codes). The proposed I-Talk is a PHY-layer solution.
It can be combined with link-layer ACK and retransmission
to ensure the link-layer performance, which is an important
further research issue.

VI. EVALUATION

A. Experiment Setting
We build a prototype of I-Talk using USRP N210 embedded

with an XCVR2450 daughter board. Each USRP connects to
a GPS-Disciplined Oscillator (GPSDO) for the time synchro-
nization. I-Talk is based on the PHY configurations of the
IEEE 802.11p standard (i.e. the 5.9 GHz carrier frequency
and 10 MHz bandwidth), and is built upon a recent project
programmed in GNU-radio [34]. Prototyping in a software-
defined radio platform, USRP (one of the most widely used
software-defined radio system for research), is to demonstrate
the feasibility of the proposed I-Talk solution. With the suc-
cessful implementation in USRP, we can conclude that the
proposed I-Talk is practical and promising.

To evaluate I-Talk in the mobile scenario, experiments
with three vehicles are performed on city roads as shown in
Fig. 15c. During the experiment, the first and the third vehicles
act as the source nodes transmitting signals simultaneously,
while the second vehicle is the receiver node (Fig. 15a). The
vehicles drove at a maximum speed of 40 km/h and following
the normal traffic rules. The setup in one vehicle is shown in
Fig. 15b where the communication node is placed on the back
seat. We deploy an ECOM9-5500 mag-mount antenna with 9
dBi gain on top of each vehicle, near to the GPS antenna.

B. Overall Performance
Among all superimposed signal decoding approaches, PNC

can work well without power control [8], [9], [10] which is

desirable for IoT systems. Since PhyCode [11] is the state-of-
the-art approach based on PNC and can decode the superim-
posed signals for NOMA, we evaluate I-Talk in comparison
with PhyCode. In particular, PhyCode decodes the superim-
posed signal in the modulation-level so it requires no power
control. However, it assumes that all the constellation points
are naturally distinguishable. This assumption can be held
only for ideal conditions where no hardware imperfection and
complicated channel conditions are taken into consideration.
To be fair, we enable two-copy transmissions in PhyCode but
without the rotation code, and select the signal copy that can
pass the CRC check.

1) Road Test Performance: For the road test in the mobile
scenario, we plot the SNR of two concurrent transmitted
signals in Fig. 16a, which shows that although the median
SNR can be achieved as 18 dB and 11 dB, respectively,
the variance of the SNR is very high as some outliers are
below 0 dB, resulting in a highly dynamic channel condition.
Fig. 16b shows the bit-error-rate (BER) comparison of I-Talk
against PhyCode. The BER is calculated in each received
packet. Obviously, the performance of I-Talk is 2.73× higher
than PhyCode with the median BER of 5.75 × 10−3 over
1.56 × 10−2. Overall, I-Talk can perform well under mobile
scenarios.

2) Packet Level Performance: We evaluate I-Talk from the
packet level in terms of the packet reception rate (PRR) and the
throughput gain of I-Talk over PhyCode. We use the bit error
information from 5000 packets received by the USRP device
under different SNR settings. A common channel coding
scheme in 802.11p is used, i.e., the CRC-32 algorithm along
with convolutional codes at 1/2 code rates. As plotted in
Fig. 17a, I-Talk can achieve a higher PRR with a median value
of 0.98 than PhyCode with a median value of 0.52, which
represents a significant improvement of reliability. Fig. 17d
shows that I-Talk achieves a median 1.47× higher throughput
gain than PhyCode.

C. Impacts of Practical Factors

To demonstrate that I-Talk can perform well without power
control, we evaluated the impact of both the SNR and the
SNR ratio of two transmitted signals. To focus on the influence
of each parameter, we conducted this experiment in an open
space where the GPS signals can be stably received. We
collected 500 superimposed packets for each setting. These
experiments evaluated our performance in static scenarios.

SNR. As shown in Fig. 17b, we manually tune the SNR of
the two transmitters from 5 dB to 15 dB. The BER results of
I-Talk and PhyCode are illustrated in Fig. 17e. Clearly, I-Talk
outperforms PhyCode under different SNRs. Moreover, as the
SNR increases, the performance of I-Talk is much higher than
PhyCode. For example, when the SNR is around 15 dB, the
BER results of I-Talk and PhyCode are 1.57×10−5 and 2.13×
10−2, respectively. These results reveal that I-Talk performs
well within the typical SNR range (>5 dB [17]).

SNR ratio. To evaluate the SNR ratio influence, we keep the
SNR2 around 12 dB and change the SNR1 gradually. SNR1

can be either larger or smaller than SNR2. In Fig. 17f, we see
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(a) Driving road. (b) Hardware setup. (c) Driving map.
Fig. 15: Road test.
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Fig. 16: Road test results.

that I-Talk still outperforms PhyCode with the varying SNR
ratio. The results reveal that I-Talk can perform well over a
large range of the SNR ratio without any power control.

D. Evaluation of Smart Combining

We then focus on the other core component of I-Talk,
i.e., smart combining. For simplicity, in this experiment, we
set SNR1 as 15 dB and SNR2 as 12 dB. As shown in
Fig. 18, the median BER is 1.6 × 10−2 without applying
the smart combining. In contrast, the median BER of I-Talk
significantly reduces to 8.33× 10−5 after applying the smart
combining scheme. This result demonstrates that I-Talk can
precisely respond to the subcarriers’ diversity. Besides, I-Talk
outperforms PhyCode even without smart combining. Because
I-Talk can still conduct a simple selection scheme with the
knowledge of the phase differences compared to PhyCode.

VII. DISCUSSION AND CONCLUSION

A. Discussion

Various modulation schemes. The IoT related communi-
cation techniques such as RFID, LoRa, ZigBee and WiFi are
attracting the most attention. In particular, RFID, LoRa and
ZigBee are operating on narrow-band carriers, designed for
applications with low-date-rate, in a range of tens of Kbps
to hundreds of Kbps. WiFi signals operates on wide-band
carriers with the OFDM technology, achieving a data rate
of a few Mbps even with the lowest modulation scheme—
BPSK modulation. In this paper, we devote our efforts to
enable concurrent transmission of WiFi (IEEE 802.11) signals
modulated by BPSK. We believe the data rate provided by
the BPSK WiFi signal is sufficient for the majority of IoT
applications. Moreover, BPSK modulated signals are more
robust to complicated channel conditions, making our scheme
feasible for a wider range of applications. On the other hand,
a higher order of modulation can provide further enhancement
to our scheme in terms of the data rate at the cost of higher
complexity. If a future application prefers a higher-order
modulation, the idea proposed in this paper can be further
extended to support it. This is because the symmetric property
among the constellation points still exist, which can ensure a
stable decoding performance for I-Talk.

Decoding superimposed for two-user scenarios. Although
NOMA was proposed to address a massive number of users,
the existing SIC-based NOMA implementations are also fo-
cusing on two-user concurrent transmission cases [52], [53],
[6], [54], [55]. The underlying reason for this is that main-
taining a power gap between users is challenging in mobile
environments. For more users, the popular solution is to apply
grouping or other scheduling solutions to arrange the two-user
NOMA communication only [52], which is beyond the scope
of this paper.

A large-scale testbed with many communication nodes.
The implementation of our work includes few communication
nodes due to the limited number of the experimental devices,
i.e., testing vehicles and USRPs. We believe the study of this
work can be seen as a solid foundation for further researches,
where more devices can be involved.
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(a) Packet reception rate (PRR).
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(c) Different SNR ratio settings.

(d) Throughput gain. (e) BER under different SNRs. (f) BER under different SNR ratios.
Fig. 17: Performance evaluation.

Fig. 18: W and W/O smart combining.

B. Conclusion

In this paper, we propose I-Talk, a new NOMA approach
designed for IoT systems that can decode the superimposed
signals without power control. I-Talk can achieve high re-
liability and high throughput in the presence of mobility
and hardware imperfections. We design a synthesis channel
coefficient together with a diversity transmission and smart
combining scheme to track the signal offsets caused by the
hardware imperfection and reduce the decoding error under the
mobile channel conditions. We demonstrate the performance
of I-Talk with a software-defined radio platform in the mobile
scenario. The results reveal that I-Talk outperforms the state-
of-the-art scheme in terms of a higher reliability and a higher
throughput gain.
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