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ABSTRACT In this paper we present an overview of the M-ary Aggregate Spread Pulse Modulation
(M-ASPM), and provide an assessment of its suitability and advantages for use in low-power wide-area
networks (LPWANs). Notably, M-ASPM combines high energy-per-bit efficiency, robustness, resistance to
interference, and a number of other favorable technical characteristics, with the spread-spectrum ability to
maintain the network capacity while extending its range. We quantify the impact of mutual interference
of multiple M-ASPM transmitters and demonstrate how such capacity-preserving range extension can be
achieved for numerous desired areal distributions of the uplink nodes. Throughout the paper, LoRa is used
for benchmark comparison and quantification of various M-ASPM features. In particular, we show that,
while sharing many essential properties with LoRa, M-ASPM provides far more effective network range
extension. When used in the same manner as LoRa, M-ASPM can serve as an appealing LoRa alternative.
In addition, while being different LPWAN solutions, M-ASPM and LoRa can be designed to concurrently
operate in the same spectral band and geographical area, cooperatively complementing each other’s coverage.
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INDEX TERMS Aggregate spread pulse modulation (ASPM), intermittently nonlinear filtering (INF),
Internet of Things (IoT), LoRa, low-power wide-area network (LPWAN), M-ary ASPM (M-ASPM),
physical layer (PHY), spread spectrum, time-bandwidth product (TBP).

I. INTRODUCTION16

By providing long range wireless access to the Internet of17

Things (IoT), Low-Power Wide Area Network (LPWAN)18

technologies have been one of the main drivers of the19

IoT expansion. The common feature of different LPWANs20

is a long range with relatively low throughput. However,21

an LPWAN is not a uniquely defined solution for a fixed set22

of requirements, but has a large space of characteristics that23

require tradeoffs and optimizations [1], [2].24

For example, when extending the range of a wireless net-25

work, it may be desirable to trade the energy efficiency of26

a single link for the number of transmitting nodes that can27

coexist and concurrently operate in a given spectral band28

(say, with the total bandwidth B) in the extended range.29

The associate editor coordinating the review of this manuscript and

approving it for publication was Stefano Scanzio .

Conceptually, perhaps the simplest way to achieve this trade- 30

off under a transmit power constraint is to allocate separate, 31

narrower spectral sub-bands to different transmitters, with 32

the bandwidths 1Bi such that
∑

i1Bi = B. In practice, 33

it can be accomplished by various frequency-division mul- 34

tiple access (FDMA) schemes, for example, by the single- 35

carrier FDMA (SC-FDMA) used in the Narrowband Internet 36

of Things (NB-IoT) [3]. 37

For a signal with a given power, reduction in its bandwidth 38

from B to 1B increases its power spectral density (PSD) as 39

PSD ∝ B/1B. Then, if the PSDof the noise is constant across 40

the spectral band and the signal attenuation is frequency- 41

independent, and for a given modulation and power-law path 42

loss, the range d of a link can be related to its bandwidth1B 43

as dγ ∝ 1/1B, where γ is the path-loss exponent [4]. 44

Thus the number of available sub-bands increases with range 45

as dγ . On the other hand, for the same-size payloads and 46
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transmission rates, the number of non-interfering transmitters47

that can be deployed in a given sub-band is proportional48

to 1B. Therefore, at best, when extending the distance49

between the transmitters and the receiver, one can only main-50

tain (but not increase) the total number of the transmitting51

nodes that can be placed at the given range d , at the penalty52

of the energy consumption per node increasing with range53

as dγ .54

The effectiveness of the FDMA-based approaches to man-55

aging the network range and capacity largely depends on the56

validity of the relation dγi ∝ 1/1Bi for any i-th sub-band.57

However, signals in different sub-bands may be affected58

very differently by the propagation conditions, e.g. delay59

and Doppler spreads, and the assumption of a constant noise60

PSD would hardly hold for unlicensed spectral bands. Thus,61

alternatively, we may want to use the full spectral band B62

for all nodes as a common shared resource, and, instead of63

changing the bandwidth, achieve the desired range of a link by64

changing the spectral efficiency of a modulation with a given65

energy-per-bit efficiency. Say, we can use an increase in the66

processing gain B/1B provided by a spread spectrum (SS)67

technique [5] to extend the range of a link. For example, for68

the code-division multiple access (CDMA) with orthogonal69

codes, it will lead to the same relation between the range and70

the number of nodes as the FDMA-based approaches. That is,71

while increasing the distance between the transmitters and the72

receiver, we can maintain the total number of the transmitting73

nodes that can be placed at the given range, with the same74

penalty on the energy efficiency.75

Short for ‘‘Long Range,’’ LoRa [6], [7] is a modulation76

technique derived from chirp spread spectrum (CSS), that77

has recently become one of the prevailing technologies in78

LPWANs for the IoT applications. In LoRa, the main param-79

eter of the modulation is the spreading factor (SF), which can80

range from SF = 6 through SF = 12, and is defined as the81

number of bits carried by the chirp waveforms. For a given82

spectral band, the SF channels can be considered (nearly)83

orthogonal. A single increment in the SF doubles the time84

duration of the chirp (thus reducing the spectral efficiency)85

while, by encoding more bits per chirp, also incrementing the86

energy-per-bit efficiency. This results in a longer range for87

the channels with larger SFs.88

Thus, in LoRa the extension of the range is accomplished89

by a decrease in the spectral efficiency as well as an increment90

in the energy-per-bit efficiency. At first glance, it enables91

increase in both, the range (defined, for example, as the mean92

distance of the transmitters from the receiver, weighted by93

their payloads) and the capacity of the network. However,94

in LoRa the energy-per-bit efficiency increments are insignif-95

icant in comparison with the spectral efficiency reductions,96

and any decrease in the spectral efficiency is not accompa-97

nied by the respective increment in the number of available98

orthogonal channels operating with this spectral efficiency.99

In fact, the opposite is true: In LoRa, for a given spectral band,100

the number of the SF channels that can be deployed beyond a101

given range is a (stepwise) decreasing function of this range.102

For example, in a single-gateway LoRa network all seven 103

SF channels can be used in the range below that for SF = 6. 104

However, the range between SF = 10 and SF = 11 can be 105

served by only two channels, and only one SF channel (with 106

SF = 12) can be employed in the range above SF = 11. 107

At the same time, a single increment in the SF approximately 108

doubles the time-on-air (ToA) of a given payload, propor- 109

tionally increasing the energy consumption and reducing the 110

number of nodes. As a result, the number of LoRa uplink 111

nodes that can be placed at a given distance from the gateway 112

is a rapidly decreasing (stepwise) function of the distance, 113

with the overall decrease noticeably faster than the path atten- 114

uation (e.g., faster than 1/dγ for power-law path loss). 115

Nevertheless, due to its high energy-per-bit efficiency, 116

combined with robustness, resistance to interference, and 117

a number of favorable technical characteristics (e.g., LoRa 118

is a constant-envelope modulation), LoRa retains a strong 119

appeal for various LPWANs. For example, by increasing 120

the SF from 6 to 12, LoRa offers approximately sevenfold 121

free-space range extension. While, for a single gateway, more 122

than half on the total network capacity is confined to the 123

range for SF = 7, and only less than 1.5% of the capacity is 124

provided by the nodes with SF = 12, such a substantial range 125

increase can benefit a large number of applications that do not 126

require high areal densities of the end nodes at long ranges. 127

At the same time, the contribution of the large-SF nodes to 128

the total network capacity is insignificant. Therefore, when a 129

long-distance areal coverage is desired, the effective range of 130

LoRa coverage becomes limited to that of the relatively small 131

SFs, e.g., 6 to 8, eroding the long-range benefits of large SFs 132

and restricting LoRaWAN’s scalability. 133

One approach to addressing this LoRa scalability limita- 134

tion is to design a physical layer (PHY) modulation scheme 135

that retains most, if not all, LoRa’s advantages, including in 136

the energy consumption and robustness, while providing the 137

ability to better sustain the network capacity when extending 138

its range. The M-ary Aggregate Spread Pulse Modulation 139

(M-ASPM) [8] is an example of such modulation. In this 140

paper, we present an overview of the M-ASPM, and provide 141

an assessment of its suitability and advantages for use in 142

LPWANs. Throughout, we use LoRa as a benchmark for 143

comparison and quantification of various M-ASPM features. 144

In Section II, we describe the M-ASPM’s physical layer, 145

and briefly review its properties in an additive white Gaussian 146

noise (AWGN) channel. Noticeably, for a single-sideband 147

M-ASPMwith constant magnitude pulses and log2M bits per 148

waveform, the uncoded AWGN energy per bit efficiency is 149

the same as of the LoRa modulation with the spreading factor 150

SF = log2M , for both coherent and noncoherent detection. 151

In Section III, we assess the overall suitability of using 152

M-ASPM in LPWANs, and discuss the relationship between 153

the M-ASPM’s range and spectral efficiency. In particular, 154

the maximum spectral efficiency of M-ASPM equals that 155

of LoRa with SF = log2M for noncoherent detection, and 156

exceeds that of LoRa by a factor of 4 for coherent detection. 157

At the same time, the M-ASPM is a ‘‘true’’ spread spectrum 158
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technique, and its spectral efficiency is inversely proportional159

to the average interpulse interval used in M-ASPM. Conse-160

quently, the M-ASPM’s receiver sensitivity is proportional to161

this interval, and the desired physical range can be achieved162

for any value of M . In contrast, LoRa always operates at163

maximum spectral efficiency for a given SF, with the range164

determined by the specific SF value.165

In Section IV, we discuss the use of multiple pulse shaping166

filters (PSFs) in M-ASPM, in a manner akin to asynchronous167

CDMA, and assess the impact of inter-PSF collisions. As the168

signal-to-interference ratio (SIR) margin of an M-ASPM169

signal is proportional to its average interpulse interval, and170

thus increases with the distance between the transmitter and171

the receiver (e.g., as dγ for power-law path loss), multiple172

transmitters with different PSFs can be deployed, at suffi-173

ciently long ranges, with insignificant impact of the mutual174

interference. Notably, we provide a qualitative assessment of175

this impact.176

Consequently, in Section V we address the task of sustain-177

ing M-ASPM’s network capacity when extending its range.178

We show that the increase in the M-ASPM SIR margins179

with range allows us, by employing a larger number of180

the PSF channels, to maintain the number of equal-payload181

nodes at long ranges, in a manner similar to the FDMA and182

CDMA-based approaches. Further, this enables achieving183

various desired areal distributions of the end nodes without184

unduly sacrificing the total capacity of theM-ASPMnetwork.185

Thus, unlike LoRa, M-ASPM has the ability to sustain the186

network capacity when extending its range, and to accom-187

modate various desired areal distributions of the end nodes188

with minimal impact on the total number of nodes. At the189

same time, LoRa may have an edge in a number of technical190

characteristics that are important in a variety of particular191

LPWAN use cases. Favorably, however, LoRa and M-ASPM192

can be designed to concurrently operate in the same spectral193

band and geographical area, cooperatively complementing194

each other’s coverage. This is discussed and illustrated in195

Section VI, followed by the conclusion and the outline of196

further research directions in Section VII.197

The description of M-ary ASPM was previously provided198

only in [8], where we evaluate the bit error probability199

for coherent and noncoherent M-ASPM links in an AWGN200

channel. Thus many of the promising features of this modu-201

lation have not yet been explored and/or quantified.While we202

briefly outline some of these features in Section VII, the pri-203

mary focus of this paper is on the spread-spectrum properties204

of M-ASPM, as these directly affect the M-ASPM networks’205

scalability. In this context, two most important attributes of206

M-ASPM are: (1) the processing gain is decoupled from the207

value ofM and, for a givenM , is directly proportional to the208

average interpulse interval; and (2) particular ‘‘shapes’’ (e.g.,209

the ‘‘lengths’’ and the temporal and amplitude structures)210

of PSF waveforms are not directly constrained by either211

the value of M or the processing gain. Then, for example,212

depending on the areal coverage requirements and the practi-213

cal constraints on the ToA of specific payloads, tens of even214

hundreds of different PSF channels can be simultaneously 215

deployed within a given spectral band. This alone provides 216

extensive versatility in trading multiple M-ASPM parameters 217

to reconcile often conflicting LPWAN technical constraints. 218

In what follows, we may interchangeably employ 219

continuous-time (analog) and discrete (digital) representa- 220

tions for time-varying quantities. We use the analog represen- 221

tation of a signal x(t) when there are no explicit constraints on 222

its bandwidth. When a discrete (digital) representation x[k] 223

is used, it is assumed that x(t) is band-limited, and it is 224

appropriately sampled so that x(t) is completely determined 225

by x[k]. Further, while the average interpulse interval Np in 226

M-ASPM is an integer, its practical values are rather large 227

(e.g., Np � 10), and we routinely treat Np as a continuous 228

variable, in particular, when relating it to other continuous 229

quantities (e.g. the range). 230

II. AGGREGATE SPREAD PULSE MODULATION 231

In the Aggregate Spread Pulse Modulation (ASPM) [8], 232

[9], [10], the information is encoded in the amplitudes Aj 233

and/or the ‘‘arrival times’’ kj of the pulses in a digital ‘‘pulse 234

train’’ x̂[k] with only relatively small fraction of samples 235

having non-zero values: 236

x̂[k] =
∑
j

Jk=kjKAj, (1) 237

where k is the sample index, kj is the sample index of the 238

j-th pulse, Aj is the amplitude of the j-th pulse, and the double 239

square brackets denote the Iverson bracket [11] 240

JPK =

{
1 if P is true
0 otherwise,

(2) 241

where P is a statement that can be true or false. The average 242

‘‘pulse rate’’ fp in such a train is fp = Fs/Np, where Fs 243

is the sample rate, and Np = 〈kj − kj−1〉 is the average 244

interpulse interval. Note that for Np � 1 the pulse rate is 245

much smaller than the Nyquist rate. Also note that forNp � 1 246

this train has a large peak-to-average power ratio (PAPR) even 247

when |Aj| = const, and is generally unsuitable for use as 248

a modulating signal. However, the designed pulse train x̂[k] 249

given by (1) can be ‘‘re-shaped’’ by linear filtering: 250

x[k] = (x̂ ∗ ĝ)[k] =
∑
j

Aj ĝ[k−kj], (3) 251

where ĝ[k] is the impulse response of the filter and the aster- 252

isk denotes convolution. The filter ĝ[k] can be, for example, 253

a lowpass filter with a given bandwidth B. If the filter ĝ[k] 254

has a sufficiently large time-bandwidth product (TBP) [12], 255

[13], most of the samples in the reshaped train x[k] will have 256

non-zero values, and x[k] will have a much smaller PAPR 257

than the designed sequence x̂[k]. Such low-PAPR signal can 258

then be used for modulating a carrier. If the combination of 259

the amplitude Aj and the arrival time kj of a pulse providesM 260

distinct ‘‘states,’’ each pulse can encode log2M bits, and the 261

raw bit rate fb in such a train is fb = fp log2M . Such signaling 262
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FIGURE 1. Example of designed pulse train with bipolar M-ary encoding.

is commonly referred to as ‘‘M-ary.’’ When B � fb =263

(Fs/Np) log2M , it results in a low-rate message encoded in264

a wideband waveform, and thus ASPM is a spread-spectrum265

technique.266

To keep the energy per bit low, wemay prefer not to use the267

magnitudes of the pulses for encoding, only their polarities268

(i.e., keep |Aj| = const) and the arrival times, since those can269

be changed without changing the energy of the pulses. For270

example, for the arrival times in (1) one can use271

kj = jNp +1k[mj], (4)272

where mj ≤ M is a positive integer and 1k[m] is an273

integer-valued invertible function, such that 0 ≤ 1k[m] < Np274

and 1k[m] 6= 1k[l] for m 6= l. Then for mj ∈ {1, 2, . . . ,M}275

and Aj = const the pulse train given by (1) encodes log2M276

bits per pulse. We will refer to such M-ary encoding with277

Aj = const as ‘‘unipolar.’’278

Another bit can be added by using Aj = (−1)aj , where aj279

is either ‘‘0’’ or ‘‘1,’’ and we will refer to such signaling as280

‘‘bipolar.’’ Then for bipolar M-ary signaling equation (1) can281

be rewritten as282

x̂[k] =
∑
j

Jk = jNp+1k[mj]K (−1)aj , (5)283

wheremj ∈ {1, 2, . . . ,M/2} and aj ∈ {0, 1}. Fig. 1 illustrates284

a designed pulse train with such bipolar M-ary encoding285

according to (5), with 1k[mj] = mj − 1. In this example,286

Np = 9 and for mj ≤ Np each pulse can haveM = 2Np = 18287

distinct states.288

For a given designed pulse sequence x̂[k], the spectral,289

temporal and amplitude structures of the reshaped train x[k]290

will be determined by the choice of ĝ[k]. In particular, it may291

be desirable to select a filter ĝ[k] that minimizes the PAPR292

of x[k]. Note that if the time duration of ĝ[k] extends over293

multiple interpulse intervals, the instantaneous amplitudes294

and/or phases [14] of the resulting waveform are no longer295

representative of individual pulses. Instead, they are a ‘‘piled-296

up’’ aggregate of the contributions frommultiple ‘‘stretched’’297

pulses.298

The key property of the large-TBP pulse shaping filter299

(PSF) ĝ[k] is that its autocorrelation function (ACF), i.e., the300

convolution of ĝ[k] with its matched filter g[k] = ĝ[−k],301

has a much smaller TBP, in particular, sufficiently smaller302

than the ratio B/fp. Then, after demodulation and analog-to-303

digital (A/D) conversion in the receiver, the encoded binary304

FIGURE 2. TBP of raised-cosine pulses as function of roll-off factor β.

sequence can be recovered by filtering with g[k] and sam- 305

pling the resulting pulse train at k = jNp+1k[m], where 306

m ∈ {1, 2, . . . ,M/2} for bipolar, and m ∈ {1, 2, . . . ,M} for 307

unipolar encoding (i.e., using g[k] as a decimation filter). 308

A good choice for the PSF would be a pulse that combines 309

a small TBP of its ACF (e.g., close to that of a Gaussian 310

pulse) with ACF’s compact frequency support. An example 311

of such ACF would be a raised-cosine (RC) pulse [15] with 312

a sufficiently large roll-off factor β. While compact support 313

cannot be simultaneously achieved for the temporal and the 314

spectral power densities of any pulse, the standard deviations, 315

σt and σf , of these power densities are typically used as mea- 316

sures of their width [12], [13]. Then, e.g., the TBP of a pulse 317

can be defined as TBP = 4πσtσf ≥ 1, with the equality (the 318

smallest TBP = 1) achieved for a Gaussian pulse. However, 319

for the temporal and spectral power densities of RC pulses, 320

the absolute deviations around zero, E|t| and E|f |, can be 321

used instead. This makes the TBP measure less sensitive to 322

the long ‘‘tails’’ of the RC pulses in the time domain. Then 323

the TBP can be defined as TBP = 2π2E|t|E|f | ≥ 1. As can 324

be seen in Fig. 2, with either definition the TBPs of RC 325

pulses remain relatively small for large roll-off factors (e.g., 326

TBP . 2 for 1/5 . β ≤ 1). Further, for a PSF with an 327

RC ACF, the sample rate Fs can be chosen as Fs = 2NsB, 328

where 1 ≤ Ns = 2/(1+β) < 2 is the oversampling factor, 329

and the spectral efficiency of the M-ASPM with such pulse 330

shaping can be expressed as η = fb/B = 4 log2M/Np/(1+β). 331

For example, for β = 1/3 andM = 16, η = 12/Np. 332

Since for a given designed pulse sequence x̂[k] the tem- 333

poral and amplitude structures of the reshaped train x[k] are 334

determined by the PSF ĝ[k], these structures can be sub- 335

stantially different even for the PSFs with the same ACF. 336

As discussed in [9] and [10], one can construct a great 337

variety of large-TBP PSFs ĝ1[k], ĝ2[k], and so on, with the 338

same small-TBP ACF w[k], so that (ĝi ∗ gi)[k] = w[k] 339

for any i, while the convolutions of any ĝi[k] with gj[k] 340

for i 6= j (cross-correlations) have large TBPs. Further, 341

this property will also effectively hold for the PSFs ĥi[k] 342

such that ĥi[k] is the discrete Hilbert transform of ĝi[k], 343

i.e., ĥi[k] = H
{
ĝi[k]

}
[16], [17]. Therefore, using various 344

combinations of PSFs ĝ[k] ∈ {ĝ1[k], ĝ2[k], . . . } and ĥ[k] ∈ 345

{ĥ1[k], ĥ2[k], . . . }, we can design different coherent and non- 346

coherent modulation schemes with emphasis on particular 347

spectral and/or temporal properties of the modulated signal. 348
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FIGURE 3. Illustration of single-sideband M-ary ASPM link with constant-envelope pulses and their noncoherent and
coherent detection.

A. SINGLE-SIDEBAND M-ARY ASPM WITH349

CONSTANT-ENVELOPE PULSES350

For example, Fig. 3 illustrates a single-sideband M-ary351

ASPM link which uses constant-envelope transmitted pulses352

and is suitable for both coherent (‘co’) and noncoherent (‘nc’)353

detection.354

In the designed pulse train x̂[k] according to (5), we use355

8 distinct possible pulse locations relative to jNp (see356

Fig. 3(I)). This train is then filtered with ĝ[k] and ĥ[k]357

to form the shaped trains xg[k] and xh[k]. After digital-to-358

analog (D/A) conversion, xg(t) and xh(t) are used for quadra-359

ture amplitude modulation of a carrier with frequency fc,360

providing the transmitted waveform xg(t) sin(2π fct) +361

xh(t) cos(2π fct) (Fig. 3(II)). If ĝ[k] and ĥ[k] are, say, the real362

and imaginary parts, respectively, of a nonlinear chirp with363

the desired ACF, e.g.364

ĝ[k]+ i ĥ[k] = J0≤k<LK exp (i8[k]) , (6)365

where L is a positive integer (the ‘‘length’’ of the pulse in366

samples) and 8[k] is the phase, then this waveform will367

occupy only a single sideband with the physical bandwidth B368

equal to the baseband bandwidth of the chirp. In addition,369

if the pulses do not overlap (e.g., Np > L + maxm(1k[m])),370

this waveform will consist of constant-envelope pulses.371

In the receiver, we can use either noncoherent or coher- 372

ent detection. While demodulation techniques may vary, 373

Figs. 3(III) and 3(IV) provide particular examples. 374

For noncoherent detection (Fig. 3(III)), in the receiver’s 375

(Rx) quadrature demodulator the noisy passband signal is 376

multiplied by the orthogonal sinusoidal signals from a local 377

oscillator, lowpassed, and converted to the in-phase and 378

quadrature digital signals I [k] and Q[k]. We then use the 379

matched filters g[k] and h[k], as shown in Fig. 3(III), 380

to obtain 8 samples per pulse of the high-peakedness pulse 381

train ync[k] corresponding to the designed pulse train. Out of 382

each 8 samples, the position of the sample with the largest 383

magnitude will correspond to the position of the respective 384

pulse in the designed train. 385

Noncoherent detection does not require precise carrier syn- 386

chronization, neither in phase nor frequency, but it does not 387

recover the polarity of the pulses. Thus we do not obtain the 388

most significant bit in the symbols encoded in the pulses of 389

the designed train. For coherent detection, we would need to 390

recover the phase of the carrier. But then we can alsomeasure, 391

for each pulse, the polarity of the sample with the largest 392

magnitude, and thus obtain an extra bit per pulse. 393

For coherent detection (Fig. 3(IV)), after multiplication 394

by sin(2π fct+π/4), lowpass filtering, and A/D conversion 395
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in the receiver, the resulting signal xrx[k] is filtered with396

g[k]+h[k] to form the bipolar baseband pulse train yco =397

xrx ∗ (g+ h) corresponding to the designed train x̂[k].398

Without loss of generality, the ACFs of ĝ[k] and ĥ[k]399

can be normalized to have the peakmagnitudes equal to unity.400

Then, to avoid the interpulse interference, we can require that401

for coherent detection402

w[1k[m]−1k[l]] = Jm= lK, (7)403

where w = 1
2 (ĝ∗g+ ĥ∗h), and, for noncoherent detection,404

v2[1k[m]−1k[l]] = Jm= lK, (8)405

where v2 = w2
+

1
4 (ĥ∗g− ĝ∗h)

2.406

1) IMPROVING RESISTANCE to MULTIPATH DELAY AND407

DOPPLER SPREADS, and TO IMPULSIVE NOISE408

For PSFs with a given ACF, the primary parameters of409

M-ASPM, affecting its spectral and energy-per-bit efficien-410

cies, are the values of M and the average interpulse inter-411

val Np. As discussed in the subsequent sections, when412

M-ASPM with a given M is viewed as a spread spectrum413

technique, the value of Np in particular is proportional to414

the processing gain. Thus, in the context of the overall415

M-ASPM’s suitability for use in LPWANs, our primarily416

focus in the rest of this paper is the impact of the interpulse417

interval on the M-ASPM’s properties.418

However, we would like to mention in passing that other419

parameters of a particular M-ASPM implementation may420

have significant influence on its behavior under specific prac-421

tical scenarios (e.g., moving network nodes, urban environ-422

ments, etc.). For example, for the pulse-position encoding423

expressed by (4), the minimum time interval between the424

pulse positions corresponding to different symbols is given425

by the ratio minl 6=m(|1k[l]−1k[m]|)/Fs. Thus performance426

of noncoherent M-ASPM in multipath propagation can gen-427

erally be improved by increasing this interval, so it becomes428

sufficiently large with respect to the delay spread. Or, in the429

constant-envelope link described above, the time support of430

a PSF given by (6) is equal to L/Fs. Therefore, this link431

would be insensitive to the relative velocity 1v between the432

transmitter and the receiver if |1v|/c . Fs/(L fc), where c433

is the speed of light. This enables us to control M-ASPM’s434

Doppler tolerance for a wide rage of spectral efficiencies (i.e.,435

the values of Np).436

Further, note that the A/D conversion in the ASPM receiver437

can be combined with intermittently nonlinear filtering (INF)438

described in [18], [19], and [20]. In INF, we establish a robust439

range that excludes noise outliers while including the signal440

of interest [21]. Then, we replace the outlier values with those441

in mid-range. Note that INF affects only a relatively small442

fraction of the samples in the signal+noise mixture, only443

those with exceedingly large magnitudes.444

In Fig. 3, it is assumed that the A/D conversion can be445

performed in such a manner. As INF modifies the samples446

in the demodulated signal before the subsequent large-TBP447

FIGURE 4. Uncoded BER vs Eb/N0 performances of LoRa (dashed lines in
both subfigures) and single-sideband M-ASPM (solid lines in both
subfigures) in AWGN channel.

filtering, its effect on the baseband signal of interest will be 448

insignificant, while the contribution of the large-power noise 449

outliers to the baseband noise will be reduced. This makes the 450

link robust to outlier interferences, e.g., wideband impulsive 451

noise commonly present in industrial environments [22], and 452

increases the baseband signal-to-noise ratio (SNR) in the 453

presence of such interferences. Since in the power-limited 454

regime the channel capacity is proportional to the SNR, even 455

relatively small increase in the latter will be beneficial. 456

B. UNCODED BER PERFORMANCE OF M-ASPM IN 457

AWGN CHANNEL 458

Additive white Gaussian noise (AWGN) is only a ‘‘back- 459

ground’’ noise component in the congested spectrum of most 460

IoT applications. Nevertheless, assessment of the M-ASPM 461

properties in an AWGN channel provides a suitable bench- 462

mark for the subsequent evaluation of the M-ASPM perfor- 463

mance under various more realistic propagation conditions 464

and interference scenarios, and such assessment is given 465

in [8]. For example, in an AWGN channel, the uncoded bit 466

error rates (BER) performance of the coherent binary ASPM 467

(M = 2) is identical to that of the binary phase-shift keying 468

(BPSK) modulation. Noticeably, for large values of M , it is 469

shown that the energy per bit efficiency of theM-ASPM (with 470

constant magnitude pulses, |Aj| = const) is the same as of the 471

LoRa modulation [6], [7] with the spreading factor equal to 472

log2M , for both coherent and noncoherent detection. This is 473

illustrated in Fig. 4, where Eb is the energy per bit and N0 is 474

the (one-sided) PSD of the noise. 475

1) SIMULATED BER VS SNR PERFORMANCE OF 16-ASPM 476

Figure 5 compares the calculated (according to the expres- 477

sions provided in [8], dashed lines) and the simulated 478

(markers connected by solid lines) BERs for both coherent 479

and noncoherent 16-ASPM links with different spreading 480

factors B/fb. In this example, the ACF of the PSF ĝ[k] is 481

an RC pulse with the roll-off factor β = 1/4, and we use 482

oversampling with Ns = 2/(1+β) = 8/5. Then B/fb = 483

Np/(2Ns log2M ) = 5Np/64. In the figure,0 denotes the SNR 484

defined as 0 = (Eb/N0)× (fb/B). 485
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FIGURE 5. Calculated and simulated BERs as functions of AWGN SNRs for
both coherent and noncoherent 16-ASPM with different values of B/fb.

FIGURE 6. Example of PSFs ĝ[k] and ĥ[k], and PSD of modulated carrier
in simulations shown in Fig. 5.

For the coherent 16-ASPM, the designed pulse train x̂[k]486

is given by487

x̂[k] =
∑
j

Jk= jNp + (4aj+2bj+cj)nK (−1)dj , (9)488

where n = 2, which encodes a 4-bit sequence489

(a1b1c1d1 a2b2c2d2 . . . ajbjcjdj . . . ). For the noncoherent490

16-ASPM, the designed pulse train is491

x̂[k] =
∑
j

Jk= jNp + (8aj+ 4bj+2cj+dj)nK, (10)492

where n = 4. In the transmitter, filtering x̂[k] with the493

PSF ĝ[k] forms the modulating component xI[k], and filter-494

ing x̂[k] with the PSF ĥ[k] forms the modulating compo-495

nent xQ[k]. The filter ĥ[k] approximates the discrete Hilbert496

transform of ĝ[k], i.e., ĥ[k] ≈ H
{
ĝ[k]

}
[16], [17], and thus497

xQ[k] approximates the discrete Hilbert transform of xI[k],498

i.e., xQ[k] ≈ H {xI[k]}. Therefore, if after digital-to-analog499

conversion xI(t) and xQ(t) are used for quadrature amplitude500

modulation of a carrier with frequency fc, the resulting modu-501

lated waveform xI(t) sin(2π fct)+xQ(t) cos(2π fct) effectively502

occupies only a single sideband with the physical band-503

width B equal to the baseband bandwidth of ĝ[k]. Figure 6504

illustrates both the PSFs ĝ[k] and ĥ[k] (left panel), and the505

PSD of the modulated carrier used in the simulations (right506

panel).507

In the coherent receiver, the noisy passband signal is508

multiplied by the signal sin(2π fct + π/4) from the local509

oscillator, lowpassed, and A/D converted to form the digital510

FIGURE 7. Assessing M-ASPM’s suitability for use in LPWANs.

signal xrx[k], which is then filtered with g[k]+ h[k] to form 511

the baseband pulse train 512

yco = xrx ∗ (g+h). (11) 513

For noncoherent detection, in the receiver’s quadrature 514

demodulator the noisy passband signal is multiplied by 515

sin(2π fct + 1ϕ) and cos(2π fct + 1ϕ), lowpassed, and 516

A/D converted to the in-phase (I) and quadrature (Q) digital 517

signals I [k] and Q[k]. Then the received unipolar pulse train 518

is formed as 519

y2nc = (I ∗g+ Q∗h)2 + (Q∗g− I ∗h)2. (12) 520

In the simulations, the bit error rates are determined by 521

comparing the bit sequences extracted from the ‘‘ideal’’ 522

transmitted signals (without noise), and from the transmitted 523

signals affected by AWGN with a given PSD N0. 524

III. M-ASPM’s SUITABILITY FOR USE IN LPWANs 525

Let us now briefly assess ASPM’s overall suitability for use in 526

LPWANs, for example, to provide long range wireless access 527

in the IoT applications. 528

A. M-ASPM’s SPECTRAL EFFICIENCY VS Eb/N0 529

To begin, Fig. 7 compares the M-ASPM’s spectral efficiency 530

vs Eb/N0 with those of several other modulations, including 531

such commonly used in LPWANs as Sigfox and LoRa, for 532

uncoded bit error rates BER = 10−6 in an AWGN channel. 533

As can be seen in the figure, for a given M the maximum 534

spectral efficiency of M-ASPM equals that of LoRa for non- 535

coherent detection, and exceeds that of LoRa by a factor of 536

4 for coherent detection. (The M-ASPM’s spectral efficiency 537

can be maximized when the PSF’s ACF is an RC pulse with 538

zero roll-off factor, i.e., the sinc function). However, unlike 539

the LoRa (which operates at maximum spectral efficiency for 540

a givenM = 2SF), the M-ASPM is a ‘‘true’’ spread spectrum 541

technique, and its spectral efficiency is simply inversely pro- 542

portional to the average interpulse interval Np. This is shown 543
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by the red and orange curves for the M-ASPM, with the544

factor of 2 difference in Np for any two adjacent same-color545

curves. Consequently, the M-ASPM’s receiver sensitivity is546

proportional to the average interpulse interval, and the desired547

BER can be achieved, for any SNR, by changing Np.548

For LPWANs, we ultimately want to be somewhere in the549

shaded region on the left in Fig. 7, where both the spec-550

tral efficiency and the energy per bit are low. In M-ASPM,551

by changing M and/or Np, we ‘‘access’’ multiple values of552

spectral and energy per bit efficiencies within the shaded553

region in the middle. Note that this region fully contains554

the LoRa’s values. Further, these values are for uncoded bit555

error rates. We can then use error correction coding (ECC)556

to improve the effective energy per bit performance, and to557

‘‘move’’ the M-ASPM’s values toward the target region for558

LPWANs. Thus M-ASPM offers to be a suitable modulation559

technique for LPWANs.560

We will further focus on the noncoherent M-ASPM in561

particular, as it does not require precise carrier synchroniza-562

tion and is more resilient to various types of fading. Also,563

in quantitative examples we will use M-ASPMwithM = 16,564

as a compromise between the energy-per-bit efficiency and565

the computational intensity of signal processing.566

B. CONTROLLING RANGE BY INTERPULSE INTERVAL567

For both noncoherent LoRa and noncoherent M-ASPM, the568

bit error probability Pb in AWGN channel can be expressed569

as [8]570

Pb = Pb

(
0

η

)
571

=
1

2(M−1)

M∑
k=2

(−1)k
(
M
k

)
exp

(
−
k−1
k

0

η
log2M

)
,572

(13)573

where
(n
m

)
=

n!
(n−m)!m! is the binomial coefficient, 0 =574

(Eb/N0) × (fb/B) is the SNR, and η = fb/B is the spectral575

efficiency. (For LoRa,M = 2SF.)576

From now on, to distinguish between the respective577

quantities for LoRa and M-ASPM, we mark those for LoRa578

by overhead tildes. Then the spectral efficiency of LoRa579

modulation is580

η̃ = η̃
(
M̃
)
=

log2 M̃

M̃
. (14)581

We will further use PSFs with RC ACFs for M-ASPM, and582

the sample rate Fs = 4B/(1+β), as discussed in Section II.583

Consequently, for M-ASPM584

η = η
(
M ,Np

)
=

4 log2M
(1+β)Np

= η̃(M )
4M

(1+β)Np
, (15)585

and, for a givenM , the spectral efficiency is inversely propor-586

tional to the average interpulse interval Np. The minimum Np587

value that can be used in noncoherent M-ASPM is 4M , and588

thus the maximum spectral efficiency of M-ASPM is589

ηmax = η (M , 4M) = η̃(M )/(1+β). (16)590

FIGURE 8. Uncoded BER vs SNR performances of LoRa (dashed lines) and
single-sideband 16-ASPM (solid lines) for noncoherent detection in
AWGN channel.

Note that, when β = 0 (sinc function ACF), it is equal to the 591

spectral efficiency of noncoherent LoRa with M̃ = M . 592

Henceforth, whenever we compare M-ASPM and LoRa, 593

we assume identical physical parameters of the links. For 594

example, we assume the same physical frequency band, trans- 595

mit power, antenna gains, and various system attenuations 596

such as insertion and matching losses, etc. 597

If we desire to achieve the same BER performance at 598

the same range (i.e., at the same SNR 0) for LoRa (with a 599

given M̃ ) and M-ASPM (with a given M ), the value of Np 600

can be obtained as a solution of the equalities 601

Pb
(
0;M ,Np

)
= P̃b

(
0; M̃

)
= BER. (17) 602

An example is given in Fig. 8, forM = 16 and BER = 10−4. 603

Normally, the received power decreases with the distance d 604

between the transmitter and the receiver, and the SNR is a 605

decreasing function of d . For example, for power-law path 606

loss 0 ∝ d−γ , where γ is the path-loss exponent. For 607

free-space path loss γ = 2, and it can be 2-3 times larger for 608

harsh environments [23], [24], [25]. Then, from the condition 609

0/η = const it follows that, for the power-law path loss, the 610

M-ASPM range d ∝ η−1/γ ∝ Np
1/γ . While Np is an integer, 611

it is rather large (Np ≥ 4M for noncoherent M-ASPM) 612

and, for a given M (e.g. M = 16), the M-ASPM’s spectral 613

efficiency can be treated as a continuous quantity. This is 614

in contrast with LoRa, where LoRa’s spectral efficiency is 615

constant for a given spreading factor. 616

For example, Fig. 9 illustrates 16-ASPM’s spectral effi- 617

ciency vs. range under power-law path loss model, at AWGN 618

BER = 10−4, as comparedwith LoRa. For 16-ASPM, η is the 619

solution of the equality Pb (d;M=16, η) = BER. For LoRa, 620

the spectral efficiency is the maximum value of η̃ satisfying 621

the inequality P̃b (d; η̃) ≤ BER. As can be seen in the figure, 622

for the same range, the spectral efficiency of 16-ASPM varies 623

frommore than double of LoRa at short ranges (e.g., at ranges 624

sufficiently smaller than that for LoRa with SF = 6), down 625

to about a half of LoRa at the maximum LoRa range (for 626

SF = 12). Overall, for ranges above LoRa with SF = 7, the 627

spectral efficiency of 16-ASPM is somewhat lower than that 628

of LoRa. 629
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FIGURE 9. Spectral efficiency vs range under power-law path loss model
(γ is path-loss exponent), for LoRa and 16-ASPM at AWGN BER = 10−4

(noncoherent detection).

At first glance, this is an unfavorable comparison for630

16-ASPM at long ranges, since lower spectral efficiency631

leads to longer ToA, exacerbating collisions from multiple632

transmitters. However, as discussed in the next section, the633

ToA limitation is only as severe as the impact of such colli-634

sions. If this impact is sufficiently small, then, for example,635

the 16-ASPM’s ability to extend the range in smaller, more636

controllable increments enables us to place a significantly637

larger (say, by an order of magnitude) number of transmitters638

at longer ranges, thus more than compensating for a smaller639

spectral efficiency of a single transmitter.640

IV. INTER-PSF COLLISIONS IN M-ASPM641

When considering the impact of mutual interference of642

multiple M-ASPM transmitters, we shall recall that differ-643

ent M-ASPM transmitters can employ substantially differ-644

ent PSFs, in a manner similar to using different spreading645

sequences in asynchronous CDMA. Then the constraints on646

the actual PSF shape would be derived from the constraints647

on the physical length of the filters and the PAPR of the648

transmitted signal.649

A. MUTUAL INTERFERENCE OF TWO M-ASPM650

TRANSMITTERS651

Let us first examine mutual interference of two single-652

sideband M-ASPM transmitters, with the PSFs ĝ1[k] and653

ĥ1[k] = H
{
ĝ1[k]

}
for the 1st transmitter, and ĝ2[k] and654

ĥ2[k] = H
{
ĝ2[k]

}
for the 2nd transmitter.655

First note that, for the matched filters in the receiver,656

h1[k] = −H {g1[k]} and h2[k] = −H {g2[k]}. Further note657

that [26] H (H (g)) (t) = −g(t) and, for the Hilbert transform658

of the convolution of g(t) and h(t),659

H (g ∗ h) = H (g) ∗ h = g ∗ H (h). (18)660

With these equalities,661

(ĝ1 + i ĥ1) ∗ (g2−i h2)=2
[
(ĝ1 ∗ g2)+ iH (ĝ1 ∗ g2)

]
. (19)662

Now, without loss of generality, the in-phase and quadra-663

ture signals in the receiver can be represented as664

I = A1x̂1∗ĝ1 + A2x̂2∗
(
ĝ2 cos1ϕ + ĥ2 sin1ϕ

)
(20)665

FIGURE 10. Simulated example of transmitted adjacent bands for PSFs
with ACF as RC pulse with β = 1/4.

and 666

Q = A1x̂1∗ĥ1 + A2x̂2∗
(
ĥ2 cos1ϕ − ĝ2 sin1ϕ

)
, (21) 667

where x̂1[k] and x̂2[k] are the designed pulse trains. Then 668

I ∗g1 + Q∗h1 = 2A1x̂1 ∗ w+ 2A2x̂2 669

∗
(
(ĝ2∗g1) cos1ϕ + H (ĝ2∗g1) sin1ϕ

)
, 670

(22) 671

where w[k] = (ĝ1 ∗ g1)[k] = (ĝ2 ∗ g2)[k] is the ACF, and 672

Q∗g1 − I ∗h1 = −H (I ∗g1 + Q∗h1) . (23) 673

Therefore, the pulse train obtained using the filters g1 and h1 674

in the receiver is the squared complex envelope [26] of 675

the signal represented by (22). Note that the first term on 676

the right-hand side of (22) is a high peakedness pulse train. 677

If the convolution ĝ2 ∗ g1 has a sufficiently large TBP, then 678

the second term is a low-peakedness signal, and its impact 679

on the resulting signal will be akin to the impact of a noise 680

with relatively low PAPR. While such noise is non-Gaussian 681

in general, its Gaussian approximation would be mostly ade- 682

quate for the assessment of its effect on the BER, especially 683

at low SNRs [18], [19], [20], [21]. 684

It is worth mentioning at this point that changing the sign 685

of one of the PSFs in one of the transmitters effectively elim- 686

inates the mutual interference. Indeed, e.g., using ĥ1[k] = 687

−H
{
ĝ1[k]

}
in the 1st transmitter ‘‘flips’’ the sideband of 688

its modulated signal. Then the 1st and the 2nd transmitted 689

signals will occupy different (adjacent) frequency bands and, 690

predictably, will not interfere with each other. This is illus- 691

trated in Fig. 10, which provides a simulated (in a manner 692

described in Section II-B1) example of such adjacent bands 693

for 16-ASPM, when the PSF’s ACF is an RC pulse with β = 694

1/4. Equivalently, the absence of such interference follows 695

from the equality 696

(ĝ1 − i ĥ1) ∗ (g2 − i h2) = 0. (24) 697

Favorably, this change in the frequency band is accomplished 698

without changing the frequency of the local oscillators in the 699

transmitter and the receiver. 700
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FIGURE 11. For large spreading factors (B/fb = 30 in this example),
mutual interference of two single-sideband M-ASPM transmitters with
‘‘flip’’ PSFs is insignificant for PSFs with sufficiently large TBP.

FIGURE 12. Calculated (dashed lines) and simulated (markers connected
by solid lines) BERs for noncoherent 16-ASPM links with different
spreading factors B/fb (30, 50 and 80), and with and without continuous
interference from ‘‘flip’’ transmitter.

1) ‘‘Flip’’ PULSE SHAPING FILTERS701

Note that the TBP of the convolution of any PSF ĝ with itself702

is always larger than the TBP of ĝ. In particular, for ‘‘flip’’703

PSFs such that ĝ2 = g1 and ĥ2 = −h1, the TBP of ĝ2 ∗ g1 =704

g1∗g1 is about twice as large as the (already large) TBP of g1.705

Consequently, mutual interference of two single-sideband706

M-ASPM transmitters (operating in the same sideband, at707

the same power, similar distances from the receiver, and708

with similar average interpulse interval, i.e., similar spectral709

efficiencies) with ‘‘flip’’ PSFs is insignificant for PSFs with710

a sufficiently large TBP. This is illustrated in Fig. 11. (The711

horizontal dashed lines in the right-hand side indicate the712

magnitudes of the interference-free pulses in the received713

pulse trains.) In this example B/fb = 30, which, in terms714

of the range, roughly corresponds to the range of LoRa with715

SF = 7. In fact, the interference from a ‘‘flip’’ transmitter716

can be treated as AWGN with the power equal to the signal717

power, i.e., with the SIR 0 dB. Thus its impact becomes718

smaller as the spectral efficiency decreases (for larger Np).719

This is illustrated in Fig. 12, which compares the calculated720

(dashed lines) and the simulated (markers connected by solid721

lines) BERs for noncoherent 16-ASPM links with different722

spreading factors B/fb (30, 50 and 80), and with and without723

interference from a ‘‘flip’’ transmitter.724

FIGURE 13. Example of PSFs with identical small-TBP ACFs and large-TBP
cross-correlations.

FIGURE 14. Impact of interference on M-ASPM decreases with average
interpulse interval.

Note that the impact of the interference shown in Fig. 12 is 725

for continuous transmission from the 2nd transmitter, when 726

a ‘‘full’’ collision with the signal from the 1st transmitter 727

is a certainty. This impact would be much smaller when 728

the probability of such collisions is significantly less than 729

unity. Therefore, by employing ‘‘flip’’ PSFs for transmit- 730

ters operating at the same power, similar distances from the 731

receiver, and with similar average interpulse interval (i.e., 732

similar spectral efficiencies), we can effectively double the 733

number of ‘‘collision-free’’ nodes in an M-ASPM network, 734

especially for the ‘‘outer’’ nodes operating at longer range. 735

B. MULTIPLE INTER-PSF COLLISIONS 736

As discussed in Section II (also see [9], [10]), one can con- 737

struct many large-TBP PSFs ĝ1[k], ĝ2[k], and so on, with the 738

same small-TBP ACF w[k], so that (ĝi ∗ gi)[k] = w[k] for 739

any i, while the convolutions of any ĝi[(t)]k] with gj[(t)]k] 740

for i 6= j (cross-correlations) have large TBPs. An example 741

of such PSFs is shown in Fig. 13. 742

Then the impact of the interference from transmitters with 743

ĝj[k] ∈ {ĝ2[k], ĝ3[k], . . . } (i.e., when j 6= 1) on the signal 744

from the transmitter with ĝ1[k] would be akin to the impact of 745

Gaussian noise with the power equal to the combined power 746

of the interfering signals at the receiver. Since, as illustrated 747

in Fig. 14, this impact decreases with average interpulse inter- 748

val, becoming relatively insignificant for large values of B/fb, 749

this adds to the flexibility in achieving desired profiles of 750

node densities in M-ASPM LPWANs. 751
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FIGURE 15. SIR margins for inter-PSF interference in M-ASPM increase
with range (1SIR ∝ Np ∝ dγ for sufficiently small BER).

FIGURE 16. Illustration of impact of inter-PSF collisions for three
16-ASPM transmitters placed at particular distances from receiver.
Respective spectral efficiencies are η1 = 1/30, η2 = 1/50, and η3 = 1/80,
and specific ranges shown are for free-space path loss. (These ranges
roughly correspond to those from SF = 7 to mid-range between SF = 8
and SF = 9 for LoRa.)

FIGURE 17. Uncoded BER vs. AWGN SNR for mutual interference example
shown in Fig. 16.

The SIR can be related to the SNR 0 and the signal-to-752

interference-plus-noise ratio (SINR) 0′ as753

SIR =
0 0′

0 − 0′
, (25)754

and the impact of the interference with a given SIR can be755

quantified by the deterioration (increase) in the BER when 0756

FIGURE 18. Illustration of impact of inter-PSF collisions for five 16-ASPM
transmitters placed at particular distances from receiver. Respective
spectral efficiencies are η1 = 1/30, η2 = 1/50, and η3 = 1/80, and specific
ranges shown are for free-space path loss. (These ranges roughly
correspond to those from SF = 7 to mid-range between SF = 8 and SF = 9
for LoRa.)

FIGURE 19. Uncoded BER vs. AWGN SNR for mutual interference example
shown in Fig. 18.

becomes 0′. If this interference increases the BER to BER′ > 757

BER, we may call the reciprocal of the respective SIR, i.e. 758

1SIR = SIR−1, an ‘‘SIR margin’’ for the given 0, BER, and 759

BER′. Then, as follows from the discussion in Section III-B, 760

the SIR margins for M-ASPM can be determined from (25) 761

and the condition 762

Pb
(
0;M ,Np

)
=

BER
BER′

Pb
(
0′;M ,Np

)
= BER. (26) 763

For example, for a power-law path loss 0 ∝ 1/dγ and, for 764

sufficiently small BER and BER′, SIR margins for inter-PSF 765

interference in M-ASPM increase with the range as 1SIR ∝ 766

Np ∝ dγ , becoming substantially high at long ranges (e.g., 767

1SIR & 10 dB for the ranges beyond LoRa with SF = 10). 768

This is quantified in Fig. 15. 769

Further, Figs. 16 through 19 provide two particular illus- 770

trations of mutual interference for multiple equal-power 771

M-ASPM transmitters with different PSFs, placed at different 772

distances from the receiver, such that the received BERs 773

would be equal in the absence of the interference. 774

The average power of an i-th received pulse train with 775

equal-magnitude pulses is inversely proportional to its 776
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average interpulse interval Ni. Then, for the power-law path777

loss, in the absence of interference the magnitudes of the778

pulses in the i-th and j-th received trains, and thus the779

received BERs, will be identical if Ni/Nj = (di/dj)γ . For780

the specific ranges shown in Figs. 16 and 18, the free-space781

path loss is assumed, and the horizontal dashed lines in782

the right-hand sides of these figures indicate the magni-783

tudes of the interference-free pulses in the received pulse784

trains.785

For larger interpulse intervals, we can use PSFs with pro-786

portionally larger TBPs, without increasing the PAPRs of the787

transmitted signals. This simplifies satisfying the large-TBP788

requirement for the PSF’s cross-correlations. Also, for the789

nodes 2̂ and 3̂ in Fig. 18, we use the ‘‘flip’’ PSFs of the790

nodes 2 and 3, respectively.791

Note that in Figs. 16 through 19 the shown impact of792

the interference is for continuous transmissions, when a full793

coincidence collision with the signals from all interfering794

transmitters is a certainty. This impact will be much less795

significant when the probability of such multiple coinci-796

dence collisions is rather small. Further, in these exam-797

ples d1 roughly corresponds to the range of LoRa with798

SF = 7, and d3 corresponds to themid-range between SF = 8799

and SF = 9. For longer ranges, the SIR margins increase800

rather substantially (see Fig. 15), and the impact of the801

mutual interference will be much smaller even for continuous802

transmissions.803

V. ACHIEVING DESIRED END NODE DISTRIBUTIONS IN804

M-ASPM LPWANs805

In a design of a practical network, we may be given the806

coordinates of the end nodes placed at the desired loca-807

tions, e.g., sensors co-located with traceable physical assets.808

In general, these coordinates can be time-variant, but we may809

initially assume that they vary sufficiently slowly and can be810

considered stationary during the ToA of any transmission.811

For a given placement of a gateway, the locations of the end812

nodes can be characterized by the distribution (density) func-813

tion expressed in polar coordinates centered at the gateway,814

8(ϕ, r), where ϕ is the angular coordinate and r > 0 is the815

distance from the gateway.816

A simple practical example of such a density function817

would be818

8(ϕ, r) =
1

4r 1s1r N
819

×

N∑
i=1

J|ϕ−ϕi| ri ≤ 1sK J|r − ri|≤1rK ri, (27)820

where |ϕ − ϕi| = min (|ϕ − ϕi|, 2π − |ϕ − ϕi|), (ϕi, ri) are821

the coordinates of the i-th node, N is the total number of822

nodes, and the parameters 1r (distance increment) and 1s823

(arc length) represent the dimensions of an area element.824

Figure 20 shows an example of 8(ϕ, r) obtained using (27)825

from the locations of the nodes for a given position of the826

FIGURE 20. Example of representing discrete node locations as density
function 8(ϕ, r ) of two continuous variables, ϕ and r .

FIGURE 21. For ‘‘smooth’’ visual representation, 8(ϕ, r ) can be
appropriately interpolated to obtain 8(ϕ, r ). Both 8 and 8 can be used
interchangeably.

gateway (at the intersection of the horizontal and vertical lines 827

in the left-hand side of the figure). 828

The main purpose for introducing such a density function 829

is to characterize the aggregate of multiple node locations 830

by a function of two continuous variables, ϕ and r , which 831

simplifies optimization of the transmit and receive param- 832

eters of the nodes according to their spatial positions. If a 833

‘‘smooth’’ visual representation of the node distribution is 834

also a goal, then the values of 8(ϕ, r) can be appropriately 835

interpolated (e.g., by 2D lowpass filtering) to obtain such 836

a smooth representation 8(ϕ, r), as illustrated in Fig. 21. 837

Both 8 and 8 can be used interchangeably for obtaining the 838

node parameters. 839

A. KEY IDEALIZATIONS 840

In order to focus on the most essential scaling properties 841

of M-ASPM networks, we make a number of simplifying 842

assumptions, which we will accept as valid unless explicitly 843

stated otherwise. These simplifications include the recog- 844

nition that various equalities and/or mathematical functions 845

used below are approximations that represent quantities with 846

only finite precision. Once a benchmark scaling model is 847

established, it can be subsequently modified to account for 848

various modifications, for example, for specific practical 849

propagation channels and access protocols. 850

First, we will assume an uplink-focused network, with the 851

main limitation on its capacity due to the uplink connections, 852

when the end nodes are transmitters and the gateway is a 853

receiver. All nodes transmit at the same power, and in the 854

same frequency band. Next, we assume the ‘‘data equal- 855

ity’’ of the transmitting nodes, so that each node has the 856

same data payload per unit time. In other words, the product 857

of the data payload per transmission and the rate (average 858

number per unit time) of transmissions for each node is a 859
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constant. Note that the product of the transmission’s ToA860

and the transmission rate is the average duty cycle of the861

node. Thus the equal-payload nodes with a smaller ToA per862

transmission will have a proportionally smaller average duty863

cycle.864

To completely avoid co-PSF collisions for transmitting865

nodeswith given PSFs, the product of the number of the nodes866

and their duty cycle must be smaller than unity. We shall867

denote this product as α, 0 < α ≤ 1. When α = 1, yet868

there are no collisions, the total combined power and data869

throughput for all same-PSF nodes will be equivalent to con-870

tinuous transmission from a single node. For a random access871

protocol, the value of α that maximizes the throughput would872

be smaller than unity. For example, for pure ALOHA [27]873

the maximum throughput is achieved for α = 1/2. For874

a given α, and given transmission rate and data payload875

per transmission, the available number of nodes with the876

same PSFs would be inversely proportional to the ToA of877

a transmission. When comparing the available number of878

the M-ASPM nodes with that of LoRa, we will assume the879

equality α̃ = α.880

As before, whenever we compare M-ASPM and LoRa,881

we assume identical physical parameters of the links. For882

example, we assume the same physical frequency band, trans-883

mit power, antenna gains, and various system attenuations884

such as insertion and matching losses, etc.885

Further, we will assume that the ToA per transmission is886

inversely proportional to the spectral efficiency of the node.887

For a constant-size data payload, this would typically hold for888

M-ASPM, i.e., ToA ∝ Np, as the overhead (e.g. used for889

the header and synchronization) would normally utilize the890

same number of pulses for each transmission. For LoRa,891

if the number of overhead frames remains constant, then the892

number of overhead bits increases with the spreading factor,893

and the T̃oA grows somewhat faster than the reciprocal of894

the spectral efficiency. However, for comparison with LoRa,895

we can assume that the data payload is large enough so that896

the number of LoRa overhead frames does not significantly897

affect the proportionality between the ToA and the reciprocal898

of the spectral efficiency.899

Importantly, we will assume that a node can be placed900

only within its range, with the latter determined by the given901

constraint on the uncoded AWGN BER.902

As discussed in Section III-B, for M-ASPM the range d is903

a monotonically increasing function of the average interpulse904

intervalNp. Inversely, for a given BER constraint,Np is a non-905

decreasing function of the range. However, more generally,906

Np would be a function of both ϕ and r , Np(ϕ, r), as the path907

loss may depend on the angular coordinate ϕ, and Np is a908

nondecreasing function of the range only for a given ϕ. For909

example, there may be obstacles in a certain direction from910

the receiver, or different multipath conditions. Then, e.g., for911

the average ToA of equal-payload nodes912

〈ToA〉 ∝
∫ 2π

0
dϕ
∫
∞

0
dr r Np(ϕ, r)8(ϕ, r). (28)913

If we assume that the path loss (and thusNp) is independent 914

of the direction ϕ, then (28) simplifies to 915

〈ToA〉 ∝
∫
∞

0
dr Np(r)φ(r), (29) 916

where φ(r) is the radial node density 917

φ(r) = r
∫ 2π

0
dϕ 8(ϕ, r). (30) 918

If 8(ϕ, r) is given by (27), then φ(r) is simply 919

φ(r) =
1

2N1r

N∑
i=1

J|r − ri| ≤ 1rK. (31) 920

B. NUMBER OF END NODES AT GIVEN DISTANCE 921

FROM RECEIVER 922

If the inter-SF collisions in LoRa can be ignored, then the 923

number of end nodes that can be placed at a given distance r 924

from the receiver, C̃(r), would be limited only by the co-SF 925

collisions, and can be expressed as 926

C̃(r) =
n∑
i=1

Jr ≤ d̃iK C̃i, (32) 927

where C̃i ∝ η̃(̃di) is the number of end nodes that use the 928

i-th spreading factor, d̃i is the range for the i-th spreading 929

factor, and n is the total number of the available spreading 930

factors. That is, in LoRa the number of the end nodes that 931

can be deployed at a given range is a (stepwise) decreasing 932

function of this range. 933

In M-ASPM, the range di is an increasing function of 934

the average interpulse interval Np, which can be adjusted to 935

match the given distance r from the receiver, di = r . If we 936

employ m different PSF channels such that the inter-PSF 937

interference is negligible, then 938

C(r) = max
{d1,...,dm}

m∑
i=1

Jr ≤ diKC1(di) = mC1(r), (33) 939

where C1(r) is the number of nodes for a single PSF channel. 940

In practice, the inter-PSF collisions can be ignored only 941

for sufficiently small m, depending on the SIR margin for the 942

given range. Then the number of theM-ASPM end nodes that 943

can be placed at r can be expressed, for example, as 944

C(r) =
⌈
1SIR(r)
α

⌉
C1(r), (34) 945

where 1SIR(r) is the SIR margin for the given target 946

BER/BER′ (see Section IV-B and Fig. 15), and dxe is the 947

ceiling function. 948

Recall that for a sufficiently small target BER 1SIR(r) ∝ 949

rγ , while C1(r) ∝ η(r) ∝ 1/rγ . Therefore, it follows 950

from (34) that the increase in the M-ASPM SIR margins with 951

range enables us to maintain the number of nodes at long 952

ranges by employing a larger number of the PSF channels. 953

As discussed in Section I, this is the desired target property 954

of M-ASPM LPWANs, akin to the FDMA and CDMA-based 955
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FIGURE 22. Number of end nodes that can be placed at given range in
16-ASPM and LoRa, under power-law path loss model (γ is path-loss
exponent) and AWGN target BER = 10−4. In LoRa, SF = 6 through
SF = 12 are used, and inter-SF collisions are ignored. In 16-ASPM,
number m of employed PSF channels varies according to SIR margins
1SIR(r ) for different BER′/BER.

approaches. Noticeably, Fig. 22 illustrates the contrast in the956

number of end nodes that can be placed at given range in957

16-ASPM and LoRa. For example, for ranges beyond those958

of LoRa with SF = 11, 16-ASPM offers more than 40-fold959

larger network capacity, even when using rather conservative960

SIR margin constraints.961

C. NETWORK RANGE EXTENSION FOR M-ASPM WITH962

MULTIPLE PULSE SHAPING FILTERS963

For the end nodes placed over a wide area according to a964

given target distribution8(ϕ, r), we can obtain their average965

interpulse intervals in a manner that maximizes the network966

capacity.967

Let us first consider the use of M-ASPM for extending the968

range of the network from d0 to d0+1d when we can ignore969

the interference with the existing network (i.e., we can ignore970

collisions with the nodes at ranges below d0).971

If in the extended range we use the nodes with a given972

PSF ĝ[k], then the extended capacity 1C1 (and hence the973

number of the nodes added to the network)will be constrained974

by co-PSF collisions. Since the ToA for a node is proportional975

to its average interpulse interval, if we use the nodes with976

Np = Np(d0 +1d), then977

1C1 = C0
Np(d0)

Np(d0 +1d)
, (35)978

and for power-law path loss979

1C1 =
C0(

1+ 1d
d0

)γ . (36)980

In (35) and (36), C0 is the number of nodes that can be used981

with the interpulse interval Np(d0), limited by the co-PSF982

collisions. Unfavorably, the extended capacity1C1 decreases983

with the increment in the range.984

Instead, it would be beneficial to extend the range in several985

smaller increments, using different PSFs for each incremental986

extension.987

As discussed in Section IV, with properly designed PSFs 988

the impact of the inter-PSF collisions would be akin to the 989

impact of Gaussian noise with the power equal to the com- 990

bined power of the interfering signals at the receiver. The 991

extent to which this impact can be considered insignificant 992

(or easily compensable by relatively small adjustments in the 993

interpulse intervals) would depend on the network geometry 994

(including the desired space distribution of the nodes), the 995

access protocol, channel conditions, and other factors. How- 996

ever, as follows from the discussion in Section IV-A, most 997

practical range extensions would benefit from at least one 998

intermediate extension step, which would more than double 999

the number of the additional nodes. Further, since the SIR 1000

margins increase with the increase in the average interpulse 1001

interval, and thus with the increase in the range, a larger range 1002

extension can generally benefit from a larger number of the 1003

intermediate steps. 1004

If the impact of inter-PSF is negligible, then the total 1005

number 1Cm of the nodes added through m ≥ 2 incremental 1006

range extensions can be expressed as 1007

m1C1 < 1Cm = C0
m∑
i=1

Np(d0)
Np(di)

, (37) 1008

wherem is the total number of range increments, di = di−1+ 1009

1di, and where
∑m

i=11di = 1d (i.e., dm = d0 + 1d). For 1010

power-law path loss (37) becomes 1011

m1C1 < 1Cm = C0
m∑
i=1

(
d0
di

)γ
. (38) 1012

1) INCREMENTAL RANGE EXTENSION WITH DESIRED NODE 1013

DISTRIBUTION 1014

For the nodes in the extended range (i.e., for the nodes with 1015

r ≥ d0 only), the density function can be normalized to unity 1016

as 1017∫ 2π

0
dϕ
∫ d0+1d

d0
dr r 8(ϕ, r) = 1. (39) 1018

Then the areal density %A of the nodes (i.e., the number of 1019

nodes per unit area, or the network capacity per unit area) is 1020

given by 1021

%A(ϕ, r) = 1Cm8(ϕ, r), (40) 1022

where1Cm is the total number of nodes in the extended range 1023

(see (37)). 1024

Given the radial node density φ(r) and ignoring inter-PSF 1025

collisions, the desired rage increments can be obtained from 1026

the condition 1027

m∑
j=1

Np(di)
Np(dj)

∫ di

di−1
dr φ(r) = 1 (41) 1028

for any i ∈ {1, 2, . . . ,m}, which represents the equality 1029

of the total ToA for all nodes in each incremental range. 1030

Consequently, by solving the system of nonlinear equations 1031

represented by (41), we can obtain the incremental ranges di 1032
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FIGURE 23. Increasing capacity of M-ASPM network through incremental range extension.

that allow us to preserve the desired node distribution8(ϕ, r).1033

Note that for power-law path loss Np(di) ∝ dγi , and (41)1034

becomes1035

m∑
j=1

(
di
dj

)γ ∫ di

di−1
dr φ(r) = 1. (42)1036

2) NUMBER OF INCREMENTAL RANGES1037

For the power-law path loss, an estimate for the number of1038

the incremental ranges m that can be used for efficient range1039

extension can be obtained, based on the SIRmargins, from the1040

following constraint on the impact of inter-PSF collisions:1041

〈SIR〉−1i =

∑m
j=1

〈
r−γ

〉
j〈

r−γ
〉
i

− 1 .
1SIR (〈r〉i)

α
, (43)1042

where1043

〈f (r)〉i =

∫ di
di−1

dr f (r)φ(r)∫ di
di−1

dr φ(r)
. (44)1044

In general, this number can be larger when a larger portion of1045

the end nodes is placed at longer ranges, and vice versa.1046

When all nodes are placed at the same distance r from the1047

receiver, then φ(r) = δ(r) is the Dirac δ-function [28], and1048

the condition (43) reduces to1049

m =
⌈
1SIR(r)
α

⌉
≤ 1+

1SIR(r)
α

, (45)1050

which is used to obtain (34) from (33).1051

For illustration of the effectiveness of the incremental1052

range extension, in Fig. 23 we extend the range from d0,1053

corresponding to that of LoRa with SF = 8, to d0 + 1d ,1054

which is within the range for SF = 9. The nodes are placed1055

with uniform areal density within the boundary.1056

In LoRa, four SF channels (with SFs from 9 through 12)1057

can be used for this range extension. However, using all1058

four available LoRa SF channels only doubles the number1059

of nodes, as compared with a single-channel extension with1060

the highest spectral efficiency (SF = 9).1061

In contrast, the same number of channels (four), when1062

used for incremental 16-ASPM range extension, increases the1063

capacity by a factor of 5, as compared with a single-channel1064

extension, and using 8 channels increases the capacity by1065

more than an order of magnitude. In the example of Fig. 23,1066

using 9 incremental ranges still satisfies the SIR margin1067

constraints expressed by (43), for BER′/BER = 10−3/10−4,1068

α = 1/2, and full practical range of the values for the path- 1069

loss exponent γ . 1070

D. SIMPLIFIED DESIRED AREAL COVERAGE 1071

Although the incremental range extension minimizes the air- 1072

time and provides the maximum areal density of the nodes 1073

for a given distribution, it requires a reasonable degree of 1074

precision in the transmission settings according to the nodes’ 1075

locations. Such precision may be difficult to obtain in prac- 1076

tical deployments. In addition, the PSFs and the interpulse 1077

intervals of the nodes may need to be re-evaluated from 1078

time to time due to environmental changes, and/or due to 1079

relative motion of the nodes within the coverage area. Thus, 1080

in M-ASPM LPWANs that rely on the incremental range 1081

extension, a network managing protocol would need to be 1082

used to determine and dynamically adjust their settings. 1083

Instead, for simplicity of practical deployments, we may 1084

want to employ static and conservative transmission settings. 1085

An illustrative example of using such simplified settings for 1086

achieving uniform coverage within a hexagonal cell, centered 1087

at the gateway, is given in Fig. 24. 1088

The transmitters within the inner circle of radius d0 1089

(‘‘inner’’ nodes) will have the smallest interpulse interval 1090

and, therefore, the smallest SIR margin. Thus they may be 1091

highly susceptible to the interference from the nodes outside 1092

of this circle (‘‘outer’’ nodes). At the same time, the nodes 1093

in close proximity to the gateway may produce high-power 1094

interference that can easily exceed the SIR margins of the 1095

outer nodes. However, as discussed in Section IV-A, if the 1096

i-th transmitter uses ĥi[k] = H
{
ĝi[k]

}
while the j-th trans- 1097

mitter uses ĥj[k] = −H
{
ĝj[k]

}
, then the i-th and the 1098

j-th transmitted signals will occupy different (adjacent) fre- 1099

quency bands and will not interfere with each other. Then 1100

we can use one sideband for the inner nodes (within d0), 1101

and the adjacent sideband for the outer nodes (between d0 1102

and dmax). 1103

In the example of Fig. 24, the inner nodes have the same 1104

PSFs and the interpulse intervals Np(d0). For the outer nodes, 1105

we use m/2 pairs of ‘‘flip’’ PSFs, and the interpulse intervals 1106

greater or equal to Np(dmax). Further, we use the increment 1107

1Np in the interpulse interval between the j-th and (j+1)-th 1108

pairs. An increment in the interpulse interval allows us to raise 1109

the PSF’s TBP without increasing the PAPR of the transmit- 1110

ted signal, and to ensure that all PSF’s cross-correlations have 1111

sufficiently large TBPs. 1112
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FIGURE 24. Example of using simplified conservative 16-ASPM
transmission settings for achieving uniform coverage within hexagonal
cell. ‘‘Proportional’’ range extension (with same number of PSF channels)
results in decreased total capacity. Adding PSF channels (while remaining
compliant with SIR margin constraints on m, as expressed by (47))
enables range extension without reducing total capacity (number of end
nodes) within coverage area. SIR margin constraints are for
BER′/BER = 10−3/10−4 and α = 1/2, and physical ranges shown are for
path-loss exponent γ = 2.6.

The condition for achieving the desired areal density of the1113

nodes can be expressed as1114

2

m
2 −1∑
j=0

Np(d0)
Np(dmax)+ j1Np

=

∫ dmax
d0

dr φ(r)∫ d0
0 dr φ(r)

, (46)1115

where m is constrained by the SIR margin at dmax as1116

m . 1+
1SIR(dmax)

α
〈(

dmax
r

)γ 〉 , (47)1117

and where1118 〈(
dmax

r

)γ 〉
=

∫ dmax
d0

dr
(
dmax
r

)γ
φ(r)∫ dmax

d0
dr φ(r)

. (48)1119

From equations (46)–(48), we can then obtain the value of d0.1120

While such conservative settings do not necessarilymaximize1121

the capacity of the network, they may significantly simplify1122

its deployment and management.1123

In the example of Fig. 24, the SIR margin constraints are1124

for BER′/BER = 10−3/10−4 and α = 1/2, and the phys-1125

ical ranges shown are for the path-loss exponent γ = 2.6.1126

These values lead to m = 6 for the smallest-area hexagon1127

(left), and to m = 14 for the larger hexagons (which have1128

approximately 50% larger area).1129

As can be seen in Fig. 24, a ‘‘proportional’’ range extension 1130

(using the same number of the PSF channels) results in a 1131

decreased total capacity (down to about 60% in this example). 1132

Combined with the extended areal coverage, it leads to a 1133

fast deterioration in the node density (declining below 40% 1134

of the small-sell density). However, using additional PSF 1135

channels, while remaining compliant with the SIR margin 1136

constraints on m expressed by (47), maintains the total 1137

capacity (the number of end nodes) within the coverage 1138

area. 1139

VI. COMPLEMENTARY USE OF LoRa AND M-ASPM 1140

As has been discussed so far, the main advantage ofM-ASPM 1141

over LoRa lies in its better scalability: As a ‘‘true’’ spread- 1142

spectrum technique, M-ASPM has the ability to better sustain 1143

the network capacity when extending its range, and to accom- 1144

modate various desired areal distributions of the end nodes 1145

with minimal impact on the total number of nodes. At the 1146

same time, LoRa may have an edge in a number of technical 1147

characteristics that are important in a variety of particular 1148

LPWAN use cases. 1149

For example, the average energy efficiency of the 1150

16-ASPM nodes placed, in some distributed fashion, between 1151

the LoRa ranges for SF = 9 and SF = 12 would be 1152

in mid-range between 50% and 100% of that for LoRa, 1153

depending on the actual areal distribution of the nodes 1154

and the path-loss exponent. (This can be deduced from 1155

examining the spectral efficiency vs. range dependencies 1156

for LoRa and 16-ASPM shown in Fig. 9.) Combined with 1157

the ‘‘true’’ constant-envelope property of the LoRa modula- 1158

tion, it can result in significant energy savings when using 1159

LoRa, which is especially important for battery-powered end 1160

nodes. 1161

However, for M-ASPM and LoRa operating in the 1162

same spectral band, the inter-SF, inter-PSF, and the 1163

‘‘SF-PSF’’ collisions would have comparable impacts. 1164

Thus, favorably, LoRa and M-ASPM can be designed to 1165

concurrently operate in the same spectral band and geo- 1166

graphical area, cooperatively complementing each other’s 1167

coverage. 1168

Say, our goal is a wide-area coverage with the desired end 1169

node density 80(ϕ, r), which is relatively high beyond the 1170

range for SF = 8. However, for a LoRa network operating at 1171

full capacity, most of the nodes must be placed within this 1172

range. Thus, due to its limitations on the relative number 1173

of nodes at long ranges, LoRa may not be able to accom- 1174

modate this goal without reducing the total capacity of the 1175

network. Instead, a full-capacity LoRa coverage can provide 1176

the density 8̃(ϕ, r), while M-ASPM, which is not a subject 1177

to these limitations, can complement this coverage to achieve 1178

the desired density 80(ϕ, r). 1179

The 16-ASPM node density 8(ϕ, r) that complements 1180

8̃(ϕ, r) to 80(ϕ, r) can be expressed as 1181

8(ϕ, r) =

(
1+

C̃
C

)
80(ϕ, r)−

C̃
C
8̃(ϕ, r), (49) 1182
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FIGURE 25. Illustrative example of complementary use of LoRa and
M-ASPM for achieving uniform node density in large hexagonal cell
centered at gateway. Physical ranges shown are for path-loss
exponent γ = 3.

where C̃ and C are the total numbers of nodes for LoRa and1183

16-ASPM, respectively. Then we can use1184

8′(ϕ, r) = J8(ϕ, r) ≥ 0K8(ϕ, r) (50)1185

as the target 16-ASPM node density in an iterative procedure1186

(subject to the constraints on the SIR margins) to obtain the1187

16-ASPM incremental ranges, both their number and their1188

values, that enable us to achieve the required complementary1189

16-ASPM density 8(ϕ, r).1190

An illustrative example of such complementary use of1191

LoRa and M-ASPM is provided in Fig. 25. Here, the goal1192

is to achieve uniform node density within a hexagonal cell1193

centered at the gateway. (The specific physical ranges shown1194

in the figure are for the path-loss exponent γ = 3.) For1195

LoRa (the density function 8̃(ϕ, r)), the area within the1196

‘‘effective’’ range (for SF = 9), containing over 87% of1197

the total capacity, is only about half of the total area of the1198

cell (and thus the coverage area). In contrast, the opposite1199

is true for 16-ASPM (the density function 8(ϕ, r)): For1200

essentially the same capacity, over 96% of the nodes lie1201

outside the range for SF = 8. As a result, together LoRa and1202

16-ASPM ensure coverage with uniform density within the1203

cell (80(ϕ, r)), providing twice the capacity of the individual1204

networks.1205

For simplicity, for both LoRa and 16-ASPM in Fig. 25,1206

we ignore the impact of the high-power interference from the1207

nodes in close proximity to the gateway with the low-power1208

nodes placed at the ranges beyond SF = 7, and still represent1209

as uniform the areal densities of the nodes within the range1210

for SF = 7.1211

VII. CONCLUSION AND FUTURE DIRECTIONS 1212

M-ary ASPM is a recently introduced modulation technique 1213

andmany of its promising features have not yet been explored 1214

and/or quantified. Its description was previously provided 1215

only in [8], where we evaluate the bit error probability 1216

for coherent and noncoherent M-ASPM links in an AWGN 1217

channel. For a more comprehensive presentation, we have 1218

incorporated the main results of [8] into this paper, along 1219

with a brief discussion of improving such M-ASPM link 1220

properties as their resistance to multipath delay and Doppler 1221

spreads, and to impulsive noise commonly present in indus- 1222

trial environments. However, here our primary focus was on 1223

quantifying M-ASPM networks’ scalability, that is, on the 1224

spread-spectrum properties of M-ASPM. 1225

As discussed in Section III, the smallest average interpulse 1226

interval Np, and thus the largest spectral efficiency η, that can 1227

be used in M-ASPM is constrained by the chosen value ofM . 1228

For example, for the ACF as an RC pulse with the roll-off 1229

factor β = 0, and the sampling rate used in the paper,Np ≥ M 1230

for coherent M-ASPM and Np ≥ 4M – for noncoherent. 1231

For larger values of Np, the M-ASPM’s spectral efficiency is 1232

decoupled from the value ofM and, for a givenM , η becomes 1233

inversely proportional to Np: η ∝ 1/Np. Then, since the bit 1234

error probability is a monotonically decreasing function of 1235

the ratio of the SNR 0 and the spectral efficiency η, for a 1236

given SNR the M-ASPM’s BER becomes a monotonically 1237

decreasing function of Np. Consequently, as the M-ASPM’s 1238

receiver sensitivity becomes proportional to the average inter- 1239

pulse interval, the desired BER can be achieved, for any M 1240

and SNR, by changing Np. 1241

In other words, when M-ASPM is used as a spread- 1242

spectrum technique (that is, when it operates at the spectral 1243

efficiencies below the maximum for a given M ), its process- 1244

ing gain is proportional to the average interpulse interval Np. 1245

As a result, Np directly affects such link properties as its 1246

ToA, the SIR margin 1SIR and, for a given transmit power, 1247

the range d : ToA ∝ Np, 1SIR ∝ Np, and d ∝ Np
1/γ . 1248

In particular, both the ToA and the SIR margin are propor- 1249

tional to Np, which enables us to maintain the M-ASPM 1250

network’s capacity while extending its range. Importantly, 1251

we demonstrate that such capacity-preserving range exten- 1252

sion can be achieved for numerous desired areal distributions 1253

of the uplink nodes. 1254

To establish the inverse proportionality between η and Np 1255

in M-ASPM, we need to operate at the spectral efficiencies 1256

smaller than the maximum spectral efficiency for a givenM , 1257

ηmax(M ) (see Fig. 7). That was one of the motivations for 1258

choosing M = 16 in most of the quantitative examples of 1259

this paper, as ηmax(16) is 8/3 times higher than the spectral 1260

efficiency of LoRa with SF = 6 (for noncoherent detection), 1261

and thus the relation d ∝ η−1/γ ∝ Np
1/γ for 16-ASPM 1262

holds for the ranges above a fraction of the range for LoRa 1263

with SF = 6. This streamlined our presentation and simpli- 1264

fied obtaining numerical solutions of the nonlinear equations. 1265

However, the price for this simplification is somewhat lower 1266
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FIGURE 26. Spectral efficiency vs range for LoRa and M-ASPM
(noncoherent detection).

16-ASPM overall spectral efficiency, and thus proportionally1267

lower energy efficiency, as compared to LoRa for ranges1268

above those with SF = 7. Yet, despite such lower spectral1269

efficiency and thus longer ToA, which exacerbates collisions,1270

16-ASPM offers significant increase in the network capacity1271

for the ranges beyond LoRa’s effective range.1272

Further, as illustrated in Fig. 26, larger values of M can1273

be used in M-ASPM at longer ranges, to increase its spec-1274

tral and energy efficiencies while maintaining the inverse1275

proportionality between η and Np. For example, for ranges1276

above those for LoRa with SF = 6, 64-ASPM offers approx-1277

imately a factor of 3/4 reduction in the ToA, and thus in1278

the energy consumption of the uplink nodes, over 16-ASPM.1279

(Note that, while increasing M impacts the computational1280

intensity of the signal processing in the receiver, with the1281

scaling dependent on the implementation algorithm, for the1282

pulse-position encoding there is no computational penalty on1283

the transmitter’s signal processing for large M .) As a result1284

(and after the adjustment for a small decrease in the SIR1285

margins), for ranges beyond those of LoRa with SF = 11,1286

64-ASPM offers about 50-fold larger network capacity than1287

LoRa, as compared with only 40-fold capacity increase pro-1288

vided by 16-ASPM (as discussed in Section V-B). Favorably,1289

this is also accompanied by a slight reduction in the total1290

energy consumption of the uplink nodes.1291

As can be seen in Fig. 26, for a given payload the ToA for1292

16-ASPMwould be generally longer than for LoRa for ranges1293

above SF = 8, yet smaller than LoRa’s for ranges below1294

SF = 8. However, for 256-ASPM the opposite is true. At the1295

same time, for the ranges between SF = 7 and SF = 8 the1296

spectral efficiencies of LoRa and 256-ASPM are identical.1297

Such reduction in the nodes’ ToA for larger M , combined1298

with the increase in the total network capacity, alsowidens the1299

appeal of complementary use of LoRa andM-ASPM outlined1300

in Section VI, as it enables the extension of LoRa’s coverage1301

for longer ranges and/or different environments and desired1302

areal node distributions.1303

To maintain the focus on the most essential scaling1304

properties of M-ASPM networks, in this paper we have1305

made a number of simplifying assumptions. For example,1306

we assumed transmissions with a constant average power,1307

without discussing the effect of different PSFs on the PAPR 1308

of the modulated signal, and thus the efficiency of the power 1309

amplifier (PA). For such a constant-power transmission, d ∝ 1310

Np
1/γ and the range is controlled, for a given M , by the data 1311

rate only. 1312

However, for M-ASPM with constant-envelope pulses 1313

described in Section II-A, constraining the peak rather than 1314

the average power enables us to control the transmit power 1315

without sacrificing the PA efficiency. Then the average trans- 1316

mit power is proportional to the ‘‘pulse duty cycle’’ D = 1317

L/Np < 1, where L is the length of the pulse expressed by (6), 1318

and the range becomes a function of the product ofD and Np: 1319

d ∝ (DNp)1/γ . The pulse duty cycle controls the average 1320

transmit power, while Np controls the spectral efficiency (the 1321

data rate) and the SIR margins. This adds to the flexibility 1322

of achieving energy-efficient range extensions for numerous 1323

desired areal distributions of the network nodes, and is an 1324

example of many M-ASPM features yet to be considered and 1325

explored. 1326

Overall, given the enormous diversity and the rapid growth 1327

of the IoT uses, it is extremely challenging to design a 1328

single LPWAN solution that would equally satisfy every 1329

need. However, by consolidating various benefits of different 1330

LPWANapproaches,M-ASPMallows extensive versatility in 1331

trading multiple PHY parameters to reconcile often conflict- 1332

ing LPWAN technical constraints. Therefore, the M-ASPM 1333

approach may offer a significant step towards the devel- 1334

opment of such a unified solution, and it merits further 1335

exploration. 1336

APPENDIX A 1337

ACRONYMS 1338

ACF: autocorrelation function; A/D: Analog-to-Digital; 1339

ASPM: Aggregate Spread Pulse Modulation; AWGN: Addi- 1340

tive White Gaussian Noise; BER: Bit Error Rate; CDMA: 1341

Code Division Multiple Access; CSS: Chirp Spread Spec- 1342

trum; FDMA: Frequency-Division Multiple Access; INF: 1343

Intermittently Nonlinear Filtering; IoT: Internet of Things; 1344

LoRa: Long Range (CSS-based modulation technique 1345

for LPWANs); LoRaWAN: Long Range Wide Area 1346

Network; LPWAN: Low-Power Wide Area Network; 1347

M-ASPM: M-ary ASPM; NB-IoT: narrowband IoT; PA: 1348

PowerAmplifier; PAPR: Peak-to-Average Power Ratio; PHY: 1349

physical layer; PSD: Power Spectral Density; PSF: Pulse 1350

Shaping Filter; RC: Raised-Cosine; SC-FDMA: Single- 1351

Carrier FDMA; SF: Spreading Factor (for LoRa); SIR: 1352

Signal-to-Interference Ratio; SINR: Signal-to-Interference- 1353

plus-Noise Ratio; SNR: Signal-to-Noise Ratio; SS: Spread 1354

Spectrum; TBP: Time-Bandwidth Product; ToA: Time-on-Air. 1355

APPENDIX B 1356

COMMENTS ON NOTATIONS 1357

Whenever a particular notation is introduced in the paper, 1358

it is immediately defined. Some notations are used only once. 1359

The notations that are used consistently (and more that once) 1360

throughout the paper include: 1361
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α product of number of nodes with given PSFs and1362

their average transmission duty cycle1363

B bandwidth1364

β roll-off factor of RC pulse1365

C network capacity or number of end nodes (with or1366

without subscripts)1367

d range or distance between transmitter and receiver1368

(with or without subscripts)1369

1SIR SIR margin1370

Eb energy per bit1371

η spectral efficiency (with or without subscripts)1372

fb bit rate1373

fp pulse rate1374

Fs sample rate1375

ϕ angular coordinate (in density function; with or1376

without subscripts)1377

φ(r) radial node density1378

8(ϕ, r) node density function expressed in polar coordi-1379

nates centered at gateway1380

γ path-loss exponent (in power-law path loss)1381

0 SNR1382

0′ SINR1383

k sample index (in digital signal representations)1384

M number of states in M-ary encoding1385

N0 one-sided noise PSD1386

Np average interpulse interval1387

Ns oversampling factor1388

Pb bit error probability1389

r distance from receiver/gateway (radial coordinate1390

in density function)1391

Some notations may have different contextual meaning in1392

different sections of the paper. This change normally affects1393

the letters commonly representing integer numbers (e.g.,1394

‘‘i’’ and ‘‘j’’), such as subscripts and/or summation indices.1395

For example, in Section II, the letter ‘‘j’’ is exclusively used1396

as the (integer) number indicating a particular pulse in the1397

designed pulse sequence x̂[k] (e.g., kj is the sample index of1398

the j-th pulse, Aj is the amplitude of the j-th pulse, and mj is1399

its ‘‘state’’). However, in the subsequent sections jmay relate1400

to the j-th transmitter, or j-th range increment, or j-th pair1401

of ‘‘flip’’ PSFs. Whenever such change occurs, the respective1402

clarification is provided.1403

Throughout the paper, in the mathematical notations we1404

reserve the letters ‘‘g’’ and ‘‘h’’ for pulse shaping filters.1405

For example, we denote the finite impulse response of a1406

PSF applied to a designed pulse train as ĝ[k], where k is1407

the sample index. As the focus in this paper is on the1408

single-sideband M-ASPM, the PSFs g and h are related1409

to each other through the Hilbert transform, e.g., h(t) =1410

±H (g)(t) (in analog domain) or h[k] = ±H{g[k]} (in digital1411

representation).1412

Further, we find it convenient to use the ‘‘hat’’ operator1413

for ĝ[k] and ĥ[k] to distinguish between these PSFs and their1414

respective matched filters g[k] = ĝ[−k] and h[k] = ĥ[−k].1415

We also use the hat symbol in Sections II and IV to denote1416

the designed pulse trains x̂[k], x̂1[k], and x̂2[k], as opposed to1417

the shaped trains obtained by applying PSFs to the designed 1418

pulse sequences. 1419

While ‘‘Np’’ is used for the average interpulse inter- 1420

val throughout the paper, in Section IV-B (including 1421

Figs. 16 and 18), the average interpulse intervals for the 1422

i-th and j-th transmitters are also denoted as Ni and Nj, 1423

respectively. 1424
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