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Abstract—Massive Internet of Things systems, e.g., Low Power
Wide Area Networks, aim at connecting very large numbers
of low-cost devices with multi-year battery life requirements, a
goal that is hard to achieve with current technologies. In this
paper, a novel asynchronous spread spectrum technique, called
Golden Modulation, is introduced. This modulation provides
a vast family of equivalent waveforms with very low cross-
correlation even in asynchronous conditions, hence enabling
naturally massive multiuser operation without the need for inter-
user synchronization or interference cancellation receivers. The
basic modulation principles, which rely on spectrum spreading
via direct Zadoff-Chu sequences modulation, are presented and
the corresponding theoretical bit error rate performance in
additive white Gaussian noise and multi-path channels is derived
and compared by simulation with realistic receiver performance.
The demodulation of the Golden Modulation is described, and
its performance in the presence of uncoordinated multiple users
is characterized and compared against LoRa in a variety of sce-
narios. Various higher-layer and backward compatibility issues
are also discussed.

Index Terms—Massive 10T, Low Power Wide Area Networks,
Zadoff-Chu sequences, Asynchronous Spread Spectrum

I. INTRODUCTION

Assive access for the Internet of Things (IoT) has been

investigated for quite some time (see, e.g., [2]) and
is a hot research topic for current and future systems, such
as 6G (see, e.g., [3]). Solutions avoiding the need for de-
vice coordination (which typically requires significant energy
and communications resources) are considered as particularly
promising (see, e.g., [4]). For IoT systems operating in the
licensed spectrum, of which NB-IoT [5] is currently the most
popular solution, research focuses on access schemes, and
the waveform design is based on variations of multi-carrier
modulations (see [6] in [7]). Instead, the waveforms used for
IoT systems operating in the unlicensed spectrum exhibit a
wide variety. Traditional solutions range from the usual Cyclic
Prefix-OFDM (Orthogonal Frequency Division Multiplexing)
multicarrier modulation for DECT-2020 New Radio [8] to
ultra-narrowband D-BPSK (Differential Binary Phase Shift
Keying) for the SigFox systems [9]. A new spread spectrum
waveform emerged with the LoRa/LoRaWAN® system [10],
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[11], which gained strong momentum and, at the time of
writing, is worldwide the most popular system for massive
IoT in unlicensed bands. The wide deployment of LoRaWAN
networks highlighted some critical aspects related specifically
to situations in which the density of End Devices (EDs) is very
high [12] [13]. The ability of LoRa/LoRaWAN to multiplex
concurrent data transmissions by different EDs depends on the
availability of different “orthogonal” waveforms, also known
as logical channels. When the density of EDs becomes high,
the number of logical channels may become the bottleneck,
causing the network to be congested. The fact that the “orthog-
onal” waveforms are actually not fully orthogonal (see [14])
makes the problem even worse.

From the above discussion, it emerges that a major open
problem in massive access for the Internet of Things (IoT)
lies fundamentally in the design of the waveform, which
must be such that (i) a very large number of distinguishable
channels are available, thereby accommodating a large number
of users, and (ii) the cross-correlation between waveforms
defining different channels is small, thereby keeping cross-
channel interference low. In the LoRa systems, in each fre-
quency channel, separate logical channels are obtained by
using different Spreading Factors (defined by the number of
transmitted samples per information symbol [10], [11]), whose
number is limited to 6 since they can take a value in the set
{7,8,...,12} [15]. It must be noted that research for good
linear frequency modulated signals, such as those used in
LoRa, is still active [16].

In this paper we provide the design and evaluation of a
novel set of waveforms, called Golden Modulation (GM),
which departs conceptually from linear frequency modulated
signals (a characteristic of the LoRa Modulation) and al-
lows a very significant increase in the number of parallel
channels, compared to the state of the art mentioned above.
This modulation supports flexible bandwidth and spreading
factor as well as very good uncoded sensitivity. In addition, it
provides a wide family of equivalent waveforms with very low
cross-interference, even under asynchronous conditions. More
precisely, GM achieves very low interference between uncoor-
dinated users, hence enabling natural multi-user operation by
multiplexing autonomously operating users separated by their
waveforms, without the need for inter-user synchronization or
for interference cancellation receivers. We remark that LoRa
modulation provides only one waveform per spreading factor
while hundreds or even thousands of available waveforms (see
Table III in Section V) are possible using GM.

GM is based on a novel and generalized perspective on

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2023.3342821

the use of the well-known Zadoff-Chu sequences [17]. This
feature is enabled by using the Zadoff-Chu sequences to carry
information rather than (as is usually done) for synchronization
and/or channel estimation in the headers of a packet in a digital
communication link (see, e.g., [18]). In particular, although
the use of Zadoff-Chu sequences for signaling was recently
discussed in IoT scenarios [19], [20], we are the first to
recognize their potential to provide a large number of distinct
logical channels and to precisely characterize their interference
properties, proposing them as an effective solution for true
massive access in the [oT. The efficient implementation of
GM is also described in this paper on both the transmitter and
receiver sides.
The major contributions of this paper are as follows.

« We provide a novel and generalized perspective on the use
of the well-known Zadoff-Chu sequences, recognizing
their potential to provide a vast family of waveforms to
natively support massive IoT access.

o We design and evaluate a novel set of waveforms, called
Golden Modulation (GM), which departs conceptually
from linear frequency modulated signals (a characteristic
of the LoRa Modulation, the most widely employed
system for IoT in the unlicensed spectrum), and allows a
very significant increase in the number of logical channels
compared to the state of the art.

o We show that, while exhibiting the same error perfor-
mance as LoRa in the single-user case, GM is able to
successfully decode a large number (e.g., a few tens) of
parallel asynchronous simultaneous links, whereas cur-
rent solutions (e.g., those based on the LoRa modulation),
can only support one signal at a time (per spreading
factor), unless complicated multi-user receivers are used.

The remainder of the paper is organized as follows. In
Section II the system requirements for massive IoT systems
are reviewed, with emphasis on the effect of network syn-
chronization on the possibility to fulfill the requirements. In
Section III, a short description is provided for the frequency-
shifted Zadoff-Chu sequences, which are employed in GM. In
Sections IV and V, the use of GM is presented in a single-user
and multi-user perspective, respectively, along with related
results. In Section VI, we provide a preliminary discussion on
higher-layer, architectural, and backward compatibility issues.
Finally, conclusions are drawn in Section VII.

Notation: For the sake of readability, Table I provides a
reference summary of our notation. We refer the reader to [21]
for a paper on LoRaWAN using the proposed notation.

II. MASSIVE IOT SYSTEM REQUIREMENTS

Massive IoT aims to connect vast numbers of uncoordinated
low-cost devices with multi-year battery life requirements. To
achieve such stringent demands, some key bottlenecks must
be removed. In particular, the system capacity shortage faced
in current LPWANs (Low Power Wide Area Networks), in
both unlicensed and licensed spectrum, must be solved. An
overall capacity several orders of magnitude higher than what
is available in current state-of-the-art LPWANS is required in
order to enable the expected number of connections per IoT

TABLE I
A SUMMARY OF THE NOTATION
symbols ‘ ‘ explanation
Te basic temporal interval between
two samples of a digital signal (chip)
T=N- T, ”block” interval of N basic
temporal intervals (symbol)
(T + kT.) signal at the index ¢ - N + k
zq(k) sequence at the index k
z(t),t € R A generic signal in
z(t) eRor z(t) € C the continuous-time domain
zqg(nTe)n €Z A generic signal in
zq(nT.:) € Ror z(t) € C the discrete-time domain

gateway. This requirement is exacerbated by the emerging
paradigm of Direct Device to Satellite communication for
LPWANSs, where the area covered by a single gateway may
be very large [22], [23].

In addition, the device’s power consumption must be mini-
mized to enable multi-year battery life. The power consump-
tion of the device is driven on the one hand by the required
transmit power and on the other hand by the energy required to
synchronize the device with the network. The required degree
of network synchronization varies drastically depending on
the physical layer and associated link layer of the system:
OFDM-based systems such as NB-IoT, LTE catM or the
recently introduced DECT 2020 NR require stringent time and
frequency synchronization among all devices, coupled with
strict resource request and assignment mechanisms in order
to maintain orthogonality of the PHY signals and to avoid
packet collisions. This has a significant impact in terms not
only of energy consumption but also of protocol overhead,
since specific channels for downlink synchronization, resource
request, and resource grant are then required, and consume
radio resources and energy for transmission. In contrast, non-
cellular LPWAN systems such as LoRa or SigFox can operate
with virtually no network synchronization. It is interesting to
note that, due to the characteristics of massive IoT traffic,
where each device transmits infrequently small amounts of
data, the energy and transmission resources needed for net-
work synchronization and signaling may become dominant
over those required to effectively transmit data packets. This
is especially true for cellular-based systems such as NB-IoT
(also known as 5G IoT) or LTE catM, where the device
is managed by the network, which fully controls the access
to the medium, implying high power consumption and high
control overhead, hence reducing the effective capacity of the
system. A comparison between LoRaWAN and NB-IoT has
been made in [24], showing that LoORaWAN and NB-IoT have
similar performance in terms of network capacity, with NB-
IoT slightly outperforming LoRaWAN for small cells, at the
cost of significantly higher energy consumption even without
considering the energy cost of network synchronization. The
impact of NB-IoT synchronization on the energy budget for
each transmission of NB-IoT uplink data packet under real
conditions has been analyzed in [25]. Overall, it seems rea-
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sonable to state that a scalable massive IoT system must avoid
device network synchronization to make device operation as
autonomous as possible. It is hence of crucial importance to
have a PHY layer able to operate with minimum or no device
synchronization requirements while ensuring in addition high
sensitivity and high capacity.

The other key requirement for a massive loT system is
its ability to support (and distinguish) many different users.
This translates into two different requirements, i.e., (i) the
availability of a large number of logically separable channels
(which has to do with how the waveform is designed), and
(ii) the ability to correctly receive the intended signal when a
number of signals are transmitted simultaneously (which has to
do with the cross-interference properties of the waveforms).!
As already mentioned, LoRa (the standard reference in unli-
censed LPWANS), does poorly in both respects, as it provides a
single waveform per SF (six waveforms in total), with no hard
guarantees about cross-interference properties. In this paper,
we propose an alternative solution, called Golden Modulation
(GM), based on the use of the Zadoff-Chu sequences, whose
main properties are that (i) many distinct and distinguishable
waveforms are available, so that different users in the system
can be assigned different waveforms, and (ii) interfering users
can be successfully decoded, provided that the number of
simultaneous transmissions is not too large. Based on these
properties, GM is able to truly unlock the capacity bottleneck
of massive 10T systems.

III. THE FREQUENCY SHIFTED ZADOFF-CHU SEQUENCES

According to [17], we can express the frequency shifted
Zadoff-Chu Sequences as follows

ednr(k+1420)k for N odd

e NT(kT20k for N even

Zy (k) = { (1)
where ¢ € Z , N € NNN # 0, r € N, ged(r,N) = 1,
and £k = 0,...,N — 1. Usually, r is called the “root” of the
sequence, NNV its “length,” and ¢ its “offset.” It must be noted
that, although in general ¢ € Z, meaningful values are in the
set {0,1,..., N —1}. For example, when ¢ > N, Equation
(1) becomes

ra eg%r(k+l+2q) — e]%r(k+1+2(q modN))k for N odd
ZN' (k)= eI T (k+20) — 1% r(k+2(amodN)k for N even
2
where clearly (¢ mod N) € {0,1,..., N — 1}. Similarly, we
will assume that r € {1,..., N — 1}.

From Equations (9) and (10) in [17], we have that the cyclic
autocorrelation of the sequence Z;?(-) is non-zero only for a
shift equal to 0. From [26], we have that by selecting /N odd
and any pair of roots m; # 19 such that ged(ry — ro, N) =
1, the cyclic cross-correlation between the two Zadoff-Chu
sequences Z,;!(-) and Z7*Y(-) is equal to Tlﬁ In particular,

'We remark that the two requirements are different, as having a very large
number of logical channels does not necessarily mean that many of them are
used simultaneously.

if N is a prime number, (r; — 72) is always relatively prime
to IV, whichever the selected pair of roots (r1,72),2

IV. THE GOLDEN MODULATION: SINGLE LINK
DESCRIPTION AND PERFORMANCE ANALYSIS

Suppose we have a source of M-ary symbols M < N (see
Section III and Equation (2)), emitting symbols at rate R.
We indicate the generic symbol in the symbol period ¢ as
qlT) = ¢ € {0,1,...,.M -1}, T = 1/R, ¢ € N, and
denote the “chip” period as 7. = T/N. Then, the discrete-
time modulated GM signal in the symbol period (T is

def

(T + kT,) & 20 (UN + k), k=0,....,N—1 (3)

where the /-th information symbol g, is mapped to a length- N
Zadoft-Chu sequence with offset g;.

In order to obtain an expression of the modulated signal
highlighting its dependence on the set {gs, N,r} that define
the parameters and the symbol, we rewrite Eq. (3), providing
an alternative expression for the modulated signal, as

def

x(lT + kT.;q0, N;1) = Z3¥(UN + k) . 4)

For a generic time nT, defining ¢(n) &f | #] and k(n) L
mod N, we can write the discrete time modulated signal as

za(nTe; qo, Niv) = x(U(n)T + k(0)Te; gy, N37)- (5)

These alternative expressions for the modulated signals will be
needed in the following, depending on the context, for example
to assess the orthogonality or in Section V.

As in [11], we set T. = L, where B is the bandwidth

B>
occupied by a GM link. As a consequence, the symbol duration
isT = %, so that the symbol rate is R = % and the bit rate

Ry=5b- %, b = log, M. For a given sequence length N, we
can define by analogy the Spreading Factor for GM as?

SF % 1og, N . (6)

GM demodulation is based on the orthogonality of Zadoft-

Chu sequences with the same root and offsets ¢, ¢’. We have
that

N—

> (T + kTe;q,Nir) - a* (0T + k.54, Nir)

o ™
_J1 ga=¢
0 ¢#d
so the discrete-time signal space for the GM modula-
tion admits as an orthonormal basis the set of sequences
ﬁz(ch; g, N; r) indexed by the possible transmitted symbol
g € {0,1,...,M — 1} and for the running time index
k €{0,1,..., N—1}. We then observe that we are in the same

conditions as in [27]. By re-using the same arguments and the
proof as in [27], Sections II and III-A, the BER performance

—

1
N

2Since 71 < N and 7o < N, when (r1 —72) < 0 we will take (r1 —72)
to be equivalent to (N + (r1 — r2)).

3Note that, unlike in LoRa, the sequence length does not need to be a power
of 2. The issue of how to select NV will be discussed later in the paper.
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symbol | ¢(¢T) Zadoff-Chu x(¢T + kT,)
source modulator

Fig. 1. The Golden Modulator

of GM in an Additive White Gaussian Channel (AWGN) can
be accurately approximated by (see the Appendix for details)

P, ~050Q (\/F 95F+1 _ \/T.386 SF + 1.154) )

where T' is the Signal-to-Noise Ratio (SNR) and Q(z) =

2
00 =2 /2¢qq . . C . )
f.w s 18 the complementary Gaussian distribution func
tion.

To be transmitted, the discrete-time GM signals must be
converted in the continuous time domain through a pulse
shaping filter g(¢). The complete chain to produce the analog
continuous time GM modulated signal is shown in Fig. 1.

1 O gmSF8sim
107 X gmSF12 sim
1 7 gmSF16 sim
— — —LoRa 5F8 sim
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Fig. 2. Theoretical approximation and simulated BER of the Golden Modu-
lation for SF = 8,12, 16, and of LoRa for SF' = 8,12.

A practical choice for the pulse shaping filter g(t) typically
results in a signal bandwidth B., > T% For example, for
the widely used root raised cosine waveform, we have B, =
(1 + B)B, where 3 is the roll-off factor and determines the
excess bandwidth.

We first study the performance of the Golden Modulation
in an AWGN channel, which is the usual model considered
for terrestrial LPWANs, where a strong dominant Line-of-
Sight component is typically present (see, e.g., [28]-[30]).
This model is even more accurate for Direct Device to Satellite
communication, which is a key emerging use case for GM and
for massive IoT [22], [23]. The corresponding performance

q(-)

baseband
equivalent
signal

pulse shaping
filter

up conversion
RF front-end

Excess tap delay

Relative power [dB]

[ns]

0 0
500 2
8000 9
16000 12

TABLE I
FIXED 4 TAPS TDL MULTIPATH CHANNEL

of GM is provided in Fig. 2 for the case of ideal Nyquist
filtering, where the uncoded Bit Error Rate (BER) obtained
via computer simulations is compared to that obtained via the
analytical approximation of Equation (8). Simulation results
performed for Golden Modulation with SF 8, 12 and 16 show
a very good match with the analytical curves, as expected. The
figure also includes the performance of LoRa (only for SF 8
and 12, as in LoRa SF 16 is not available), showing that it is
essentially the same as that of GM,

For completeness, we also evaluated the performance of the
Golden Modulation in a multi-path scenario, using a multipath
channel whose specification, reported in Table II, is a Tapped
Delay Line (TDL) with 4 taps . The results are shown in Fig. 3.

10
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2L N
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SNR (dB)

Fig. 3. Bit Error Rate (BER) for the Golden Modulation for an AWGN and
the multipath channel of Table II, labeled as MP

To conclude the characterization of the Golden Modulation,
in Fig. 4 the Power Spectral Density for a bandwidth of 125
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Fig. 4. Power spectral density of 3 GM channels with a bandwidth of 125
kHz (centered at 868.1, 868.3 and 868.5 MHz) and SF' = 7 compared to the
ETSI mask from [31].

kHz and SF = 7 (N = 128) is shown.* As in [11], the
figure also reports the ETSI masks from [31], showing that
the bandwidth occupancy of GM is the same as in LoRa.

A. The receiver - single link
Ignoring for the sake of simplicity the effect of the transmis-

sion channel and assuming N odd, to demodulate the symbol
transmitted in the period /7" we consider the received signal

y(T + kT,) = 9

k = 0,...,N — 1, where w(-) is a Complex Additive
White Gaussian Noise (CAWGN), with variance afu. Since
the receiver is assumed to know the parameters » and N7, it
can compute the signal

def eI Frr(k+142q0)k + w(fT + ch)

def

Yo (€ + KT,) & [erFr 10200k (07 4 4T | -

eI Rkt k (10)

= Uk L, (0T + KT,)

where wp, (¢T + kT.) & w(T + kT,) - e 977 (*+1F i also

CAWGN with variance o2.

Now the problem reduces to estimating the frequency (i.e.,
the symbol ¢,) of a single tone in CAWGN. As shown in [10],
this problem can simply be solved via a DFT. In particular,
the value of gy can be obtained by forming the /N dimensional
vector

Ym (0T +0 - T)
Y({T) = . ; 1D
Ym(lT + (N —=1)-T¢)

4We remark that this result is general, as the power spectral density is
independent of the spreading factor.

SFor example, these values could have been negotiated with the network
server when the node joined the network.

computing Z(¢T) = DFT(Y (¢T')), and taking the index of the
entry with largest magnitude. Having found the index ¢, the
estimated symbol is g = ¢. In particular, if N is prime, the
DFT can still be made with a complexity similar to the usual
radix—2 one via the FFTW algorithm [32]. This complexity is
the same as in LoRa systems.

We can summarize the single link characteristics of GM as
follows:

¢ Zadoff-Chu sequences with given length N and root r can
be successfully used to carry information modulated in
the offset ¢, which can be easily extracted at the receiver
using a simple DFT, with the same complexity as in
LoRa.

e The BER performance of GM can be closely approxi-
mated by the analytical expression in (8), and is therefore
equivalent to that of LoRa.

o The spectrum occupancy of GM signals meets the ETSI
mask requirements, and is equivalent to that of LoRa.

Therefore, from the point of view of a single link, GM and
LoRa exhibit very similar behaviors, and can be considered as
equivalent. Actually, as stated in [33], “The FSCM modulation
employed in the LoRa signalling scheme is an orthogonal
modulation with symbols encoded using a set of N cyclically
shifted versions of a base Zadoff-Chu (ZC) sequence.” As
we will discuss in the next section, the situation is very
different in the multi-user case, where GM can be shown
to have vastly superior performance than LoRa in terms of
interference mitigation and multi-user capacity. Finally, even
though the GM modulation could be seen as a DSSS CDMA
(Direct Sequence Spread Spectrum Code Division Multiple
Access) scheme, DSSS CDMA systems based on generic
pseudo random sequences are not suitable for massive IoT
since, for example, they require system synchronization. For
this reason, a direct comparison of GM with DSSS CDMA
systems is not meaningful here.

V. THE GOLDEN MODULATION: MULTIPLE LINK
DESCRIPTION AND PERFORMANCE ANALYSIS

In this section, we consider the superposition of multiple
signals on the same channel in GM, and show how the
properties of the Zadoff-Chu sequences can be used to suc-
cessfully decode most of them. As discussed in Section IV, a
Zadoff-Chu sequence is defined by the following parameters:
the offset ¢ (which in GM is used to carry the information
symbol), and the length N and the root r, which can be used
to define “quasi-orthogonal” logical links.

Recall that, in LoRa, only one waveform per spreading
factor is available, which limits to 6 the number of logical
links available. Therefore, the multiple access scheme used in
LoRaWAN is essentially an ALOHA protocol for each SF, and
multiple users transmitting simultaneously using the same SF
will collide and be undecodable (unless complex multi-user
receivers are implemented).

To study the multi-user performance of GM, consider first
the case in which the sequence length N and the alphabet size
M are fixed. We know from Section III that, by selecting N
odd and any pair of distinct roots r1 # ro such that ged(r; —
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Fig. 5. Cyclic cross—correlatio(}l maximum peaks for N = 2053 Zadoff-Chu
sequences Z;Vi‘o(k) and Z;?" (k) (subset of 100 roots); indices 7 and j are
plotted on the two horizontal axes.

ro, N) = 1 (which is always true if N itself is prime), the sig-
nals in the time interval {(T, (T + T, ... {T + (N — 1)T.)},
namely x(¢T + kT; qél), N;rqy) and x(0T + kT; qéz); N;ro),

have their cyclic cross-correlation constant and equal to ﬁ,
(1 (2

for any choice of the transmitted symbols ¢, ’, g,

In general, given N prime, a set of K < N —1 distinct roots
Ry x = {ri,re,...rx} can be selected such that ged(r; —
rj,N) =1 for r;,r; € Ry,k,i # j. Any link such as the
one described in Section IV, using the root 7; € Ry K, is
then “almost” orthogonal to any other link of the same type
using a different root r; € Ry k, ¢ # j. More precisely,
the signals xd(nTc;qél),N;ri) and zd(nTC;qéj),N;rj) have
a low (equal to ﬁ) cyclic cross-correlation and the symbols

qéz) and qéj ) transmitted by the two links can be recovered
using two parallel and independent DFT receivers as described
in Section IV-A. The only difference is that, besides noise, now
there is also interference, but the cross-correlation properties
of the Zadoff-Chu sequences with different roots guarantee
that the pairwise Signal to Interference Ratio is proportional
to v/N, so that, for sufficiently large N, multiple interferers
can be tolerated. Therefore, a number of users proportional to
VN can be supported.

The above performance applies identically to the full set
of Zadoff-Chu sequences of length IV as illustrated in Fig. 5,
which shows the cross-correlation results between any two
sequences from a set of 100 Zadoff-Chu sequences of length
2053. The set of “quasi orthogonal” Golden Modulation sig-
nals that can be assigned to EDs is hence very large (up to
N —1) and increases with the spreading factor. Similarly, the
orthogonality level between users increases with the spreading
factor as shown in Table III, where “interference rejection” is
the highest value of the cross-correlation between a symbol

TABLE III
NUMBER OF GOLDEN MODULATION WAVEFORMS AND INTERFERENCE
LEVELS PER SF.

Spreading | Interference Rejection | Waveforms Set Size
SF dB N -1
7 -10.6 130
8 -12.0 256
9 -13.6 520
10 -15.1 1030
11 -16.6 2052
12 -18.1 4098
13 -19.6 8208
14 -21.1 16410
15 -22.6 32770
16 -24.1 65536

with a certain SF and any other symbol with the same SF.®

A remark on Figure 5 is in order. As expected, when the
two sequences are the same, i.e., ¢ = j, we observe a large
peak equal to 1. In all other cases (i.e., ¢ # j) the maximum
peak is much smaller (with a value of 1/ VN ~ 0.022) and
independent of ¢ and j (i.e., it is flat, as can be observed from
Figure 5).

It must be noted that comparable performance can be
obtained when considering two “uncoordinated” links, i.e.,
links that are not aligned in time. In this case, since signals
issued by different users reach the receiver with independent
timing, the underlying Zadoff-Chu sequences of the different
links overlap asynchronously, and interference will appear
at the correlator output, depending on their aperiodic cross-
correlation. The correlation properties of polyphase sequences
have been extensively studied in the literature, see, e.g., [34],
[35], [36] and [37], and [38] eventually derived the aperiodic
cross-correlation bounds for Zadoff-Chu sequences. These
bounds show the very good aperiodic correlation properties
of Zadoff-Chu sequences, as illustrated in the example of Fig.
6, which plots the maximum interference level experienced
by a target link with SF' = 9 due to all possible other
uncoordinated interfering signals with SF = 9.

Fig. 7 shows the interference level between different GM
signals with the same SF, as a function of the time shift,
showing that the maximum interference level is almost inde-
pendent of the time delay. In particular, to study the effect of
fractional misalignment between the two sequences, we plotted
the cross-correlation values for all time-shifts that are multiples
of T,./4. While for time-shifts multiples of T, the normalized
interference level is 1/v/N (=~ 0.0438 for N = 521 in this
case, represented by the horizontal dashed line), for fractional
time-shifts the possible values of the interference level vary
within the range from 0 to about 0.065, showing that fractional
misalignment has a modest price in terms of a (uniformly
bounded) interference increase (about 2 dB in the worst case).

Golden Modulation leverages these low cross-correlation
properties of the filtered Zadoff-Chu sequences to provide
ultra-high capacity without any penalty in terms of range or

®For each Spreading Factor SF, N was chosen as the smallest prime
number greater than or equal to 25F. It is also possible to truncate such
a sequence to a length exactly equal to 25F, for compatibility with existing
systems, as discussed in Section VI.
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power consumption. This is a major advantage from a system
point of view since multiple devices can transmit simulta-
neously using different Zadoff-Chu roots without the need
for any synchronization between the different transmissions,
hence avoiding the need for complex and energy consuming
synchronization mechanisms. This enables an increase of
the system capacity of IoT networks by several orders of
magnitude, without paying any penalty in terms of single link
performance, power consumption, and receiver complexity.
The performance of GM in a multi user configuration
is presented for SF' = 8,10,12 and 14 in Fig. 8, where
packets from the different users are received with equal power
and random delays. It can be seen that the demodulation
performance of Golden Modulation remains very good in the
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Fig. 8. Impact of Multiuser Interference on GM demodulation for SF =

8,10,12 and 14.

presence of several tens of simultaneous interfering devices
while LoRa is limited to the reception of a single packet per
SF (provided that it is free of collisions). More specifically,
the number of packets that can be simultaneously supported
depends on the BER target and on the value of SF (sequence
length N): for example, for a BER target of 0.01, GM is
able to support from about 20 simultaneous transmissions at
SF = 8 up to more than 100 for SF = 14.

The high-capacity multi-access performance of GM can
therefore be summarized as follows:

o The availability of up to N —1 pairwise quasi-orthogonal
Zadoff-Chu sequences makes it possible to assign differ-
ent sequences to different users, thereby creating up to
N — 1 separable logical channels.

e Any choice of a limited number of users who transmit
simultaneously can potentially lead to the correct decod-
ing of all of them thanks to the interference rejection
capabilities provided by the cross-correlation properties
of Zadoff-Chu sequences.

A simplified view of this behavior, which applies precisely
in an AWGN scenario where signals are received with the
same power, corresponds to an ALOHA system with multi-
packet reception capabilities [39], in which the receiver is
able to correctly decode all received signals as long as their
number is below a certain threshold, whereas in the presence
of too many signals all packets are lost (collision). We remark
that the threshold on the number of packets that can be
simultaneously received in GM increases for larger N (i.e., for
higher spreading factors), whereas in LoORaWAN this threshold
is equal to 1 (simultaneous transmissions with the same SF
always lead to a collision).

A. Multiple users with different Spreading Factors

The above treatment of the multi-access performance of GM
assumed a fixed sequence length N, shared by all users. We
remark that, in practical situations, this may not be the case, as
EDs in an LPWAN autonomously trigger their transmissions
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at rates as dictated by their respective link budget and their
respective application. In this subsection, we consider the
case where two EDs may use two generic lengths /N7 and
Ny (i.e., spreading factors), not necessarily equal, using roots
r; € Rk, and r; € Ry, k,. The generic two users may
(and usually will) also be uncoordinated, i.e., not aligned in
time.

Golden Modulation, relying on the properties of its under-
lying Zadoff-Chu sequences, exhibits a “quasi-orthogonality”
between signals with different Spreading Factors as well,
whichever their roots. As an example, the interference gener-
ated by a signal with different Spreading Factor (i.e., different
N) is shown in Fig. 9, which plots the output of the receiver
that results from the superposition of an intended signal and
an uncoordinated interferer operating with SF = 11 and
SF = 10, respectively. The intended signal produces the
expected peak of value N = 2053 at the output of the
correlator according to its time-shift (around 1000 samples
in this case) and zero autocorrelation otherwise, whereas the
interferer produces low cross-correlation values for all possible
time-shifts, confirming the good cross-correlation properties of
these waveforms even for different spreading factors.

1 -
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E
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0.41
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Fig. 9. Correlator output for an SF = 11 link in the presence of an

uncoordinated interfering link with SF = 10.

VI. GOLDEN MODULATION NETWORKS: HIGHER-LAYER
PROTOCOLS AND NETWORKING

While the main focus of this paper is on the new waveforms
used in the Golden Modulation and on their transmission
performance and cross-correlation properties, in this section
we briefly address a number of issues at the system level,
including general receiver structure, architecture, higher-layer
protocols, and backward compatibility with existing systems.

A. The general receiver

The Golden Modulation frame is made of a series of
concatenated Zadoff-Chu sequences covering a preamble and

a payload section (see the frame format in Fig. 10). Frames
issued by different devices can advantageously use different
roots, which allows easy multiuser reception without the need
for device coordination. It must be highlighted that there are
N — 1 possible roots for Zadoff-Chu sequences of length NV,
hence providing the potential for the generation of thousands
of “quasi orthogonal” frames with the same or different SF,
totally unlocking the IoT networks capacity. In addition, the
ability to support the highly desirable uncoordinated mode of
operation guarantees robustness and extremely low protocol
overhead.

The results in Section V show that a correlator that uses
the sequence assigned to a given user with root r; is able
to attenuate the interference caused by other users using
different roots, r; # ;. Therefore, multiple simultaneous
signals sent by different users to a gateway can be successfully
received by implementing a number of parallel such receivers,
each tuned to a certain user by selecting the corresponding
sequence length (IV) and root (r).” As long as the total number
of overlapping signals is within the interference suppression
capabilities of the used sequences (as per the results shown
in Fig. 8), all signals can be decoded correctly by the parallel
receivers, without any need for complex interference cancella-
tion or multi-user detection, as interference is nativey handled
thanks to the properties of the Zadoff-Chu sequences.

More specifically, the general parallel receiver at the gate-
way must be able to search for all sequences that exist in
the system (i.e., that have been assigned to the users), so
as to determine which signals are actually present and to
synchronize on each of them. The general packet consists of
a PHY preamble and a PHY payload (which is the layer-2
frame), see Fig. 10. The preamble, used for packet detection
and synchronization, is just the repetition of a predefined sym-
bol, qo, a certain number of times (e.g., 8), and is modulated
using the ZC sequence with length and root that correspond
to a certain user.® The payload is also modulated using the
same sequences, except that in this case the payload content
corresponds to a sequence of symbols (i.e., offsets) instead of
the predefined qq.

This architecture is similar to the receiver implemented
in LoRa chips where, typically, there are 8 programmable
fingers, “launched” by the receiver to detect packets with
possible different spreading factors. In the GM case, the set
of single-user receivers works very well due to the good
pseudo-orthogonality of the sequences. This is not the case
instead for LoRa modulation, as the pseudo-orthogonality
of the transmission with different lengths N = 257 (SF
being the spreading factor) is not precisely characterized [14].
LoRaWAN multi-user receivers have been investigated (see
[40], for example), but the number of overlapping packets
that can reasonably be decoded by a LoRa multi-user receiver
is limited to very few, while in GM multiple single-user

"The parameters of each user can be exchanged during the join procedure,
in which the network server can assign a unique pair of sequence length and
root to an incoming user.

8This assumption is inspired by the signaling procedures of LORAWAN.
Following the same approach as LoRaWAN, the symbol g and the length of
the preamble can be fixed at the system level.
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independent receivers can successfully decode several tens of
interfering packets (see Fig. 8).

Regarding the complexity issue, we remark that although
the GM receiver is complex (if we want to exploit its full
potential we may need thousands of instances of the single-
user receiver), it is intrinsically parallel and, as a consequence,
can be efficiently implemented in parallel machines such as
those used for machine learning tasks, e.g., GPUs, which are
the de-facto standard and highly optimized for parallel tasks.

B. A possible architecture of an LPWAN based on GM

In this subsection we briefly describe a possible network
architecture for an LPWAN based on GM.

The architecture is made of 3 functional entities, namely,
the End Device (ED), the gateway, and the back-end. Each ED
will send and receive packets to/from the gateway, according
to the application being supported. These packets will have
the format described in Fig. 10 and will be sent using GM
as the physical layer technology (the focus of this paper).
The gateway will receive and decode these packets (as well
as also possibly sending downlink packets, according to the
application), and forward them to the back-end using wired
or wireless connectivity, typically based on the IP protocol. In
particular, in the back-end will reside applications typical of
LPWAN:Ss, for example metering of gas, water and electricity.

In typical LPWAN settings, the network may include a very
large number of EDs, multiple gateways, and a back-end.
Therefore, there are multiple links, possibly with different data
rates, between each gateway and the EDs in its coverage area.
In addition, in LPWANSs (and in LoRaWAN in particular), the
activation of any node is random and therefore packet trans-
missions are not synchronized across the network. While in
LoRaWAN this may result in collisions and in the consequent
loss of all packets involved, GM can handle the situations
of multiple simultaneous packet transmissions much more
effectively, thanks to the cross-correlation properties of the
Zadoff-Chu sequences and according to the spreading factor
(i.e., the sequence length), as explained in Section V.

C. Truncated sequences and backward compatibility

It must be noticed that, despite its baseline design using odd-
length Zadoff-Chu sequences, Golden Modulation can also be
implemented based on even-length sequences. For example,
an implementation based on truncated odd length Zadoff-Chu
sequences leading to an effective sequence length equal to a
power of 2 is also possible. As shown in Fig. 11 (which reports

the same results of Fig. 5, except that the sequences have been
truncated from N = 2053 to N = 2048), the degradation of
GM’s orthogonality is marginal and has no noticeable effect
on its performance (for i # j the maximum peak is small and
almost independent of the indices of the two sequences).

An implementation based on truncated odd-length Zadoft-
Chu sequences leading to an effective sequence length equal
to a power of 2 is interesting for cases where adaptation to
processing units or to size-constrained lower layer protocols is
required. The latter case is actually very much of practical use.
For example, it is straightforward to implement the LoORaWAN
protocols on top of GM with Zadoff-Chu truncated sequences
to achieve an effective sequence length equal to a power of
2: once the value of the SF for LoORaWAN is selected, the
same SF can be selected for GM. Moreover, once a certain
bandwidth B is selected for the LoORaWAN protocol, the same
bandwidth B can be selected for GM. All of the specifications
(for example [15]) refer to bytes for the fields of any message
and the messages can then be immediately translated in bytes
carried by GM. As one can notice from Figure 10, the
structure (preamble followed by data) is the same. All the
“regional parameters” as per [41] are automatically reusable
(for the same bandwidth B), ensuring compliance with the
regulations worldwide. In general, the complete LoRaWAN
system of specifications (including the back-end, the Firmware
Update Over The Air (FUOTA), etc.) becomes completely re-
usable, which represents a decisive strength for the commercial
viability of GM. Of course, here LoRaWAN is just a specific
(though certainly important) example, and the byte oriented
transmission made possible by the use of a sequence length
equal to a power of 2 opens the possibility to use GM in many
other systems.

VII. CONCLUSION

In this paper, we introduced Golden Modulation, a novel
modulation with ultra-long range capability and massive ca-
pacity. The basic modulation principles relying on spectrum
spreading via direct Zadoff-Chu sequences modulation have
been presented and the corresponding theoretical BER per-
formance in AWGN channel has been derived and compared
by simulation with realistic Golden Modulation receiver per-
formance. A basic low complexity DFT-based receiver has
been described. The fundamentals of multi-user operation have
been studied and the corresponding multi-user interference
evaluated from both a theoretical and a simulation point
view. The very low multi-user interference level, even in
uncoordinated conditions, coupled with the numerous available
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Fig. 10. Example of Golden Modulation frame format
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waveforms, unlocks the well-known capacity bottleneck of IoT
networks. In particular, while being equivalent to LoRA in a
single-user setting, GM 1is vastly superior when it comes to
multi-user performance. Overall, the low complexity receiver,
flexible frame structure and minimal protocol constraints of
GM pave the way for the deployment of LPWAN networks
with truly massive capacity, or for the upgrade of existing
ones. Furthermore, the possibility to use an effective sequence
length equal to a power of 2 makes GM suitable as the physical
layer for many existing protocol suites.

Future work includes a more detailed analytical characteri-
zation of the interference and multiple-access behavior of GM,
as well as a thorough study of the performance of the entire
system.

APPENDIX
CLOSED FORM EXPRESSION OF
GOLDEN MODULATION BER

According to Equation (7), the discrete-time signal space
for the Golden Modulation admits as an orthonormal basis the
set of sequences ﬁl‘(k’TC; g, N;r) indexed by the possible
transmitted symbol ¢ € {0,1,..., M — 1} and for the running
time index k € {0,1,..., N —1}. Except for the notation, the
detection problem is the same as in [27], where the bit error

probability has been derived as

00 2 QSFfl
Pb:/o 1{1exp[2ﬂ(72”

where 02 = %, with Ny the single-sided noise power spectral

density, and fg() is the probability density function for the
Es _ SF

Rician distributed § with shape parameter kg = =R

fe(B)dp (12)

Further noticing the very high spreading gains used and apply-
ing Gaussian approximations, [27] derives an approximation of
the corresponding bit error probability valid for high spreading
gains

P, ~ 0.5Q(VT.25F+1 — \/1.386.SF + 1.154) (13)

where I' is the SNR. This expression is also valid for GM.
Corroborating this statement, the simulations performed with
SF = 8,12,16 show a very good match with the curves
predicted by Equation (13), as shown in Fig. 2.
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