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ABSTRACT Link reliability and enhanced coverage are the primitive concerns of Low-Power Wide-Area
Networks (LPWANs) for suitability to critical Internet of Things (IoT) applications. Reliability is limited
by the destructive multipath propagation, data rate and sensitivity, that ultimately limits the coverage range.
LoRa by far is the predominant LPWAN operating on unlicensed spectrum. Despite its robust Chirp Spread
Spectrum (CSS) modulation, there is a severe degradation in its error performance particularly in hostile
propagation environments, and an excessive reduction in coverage. Rotating Polarization Wave (RPW) is
a potential LPWAN recently emerged to achieve a highly reliable IoT and Machine-to-Machine (M2M)
communication. This is the first paper to provide comprehensive error performance comparison between
LoRa and RPW. Okumura-Hata model is used for median path loss calculation. Shadowing and fast fading
margins of RPW and LoRa are estimated. Effective gain of RPW is computed from error performance.
Results have shown that LoRa offers a sensitivity of 23 dB higher than RPW under AWGN conditions.
However, under fading conditions, RPW exhibits a sensitivity of 15 dB higher than LoRa. At a reference
distance of 100 m, the maximum received signal strength of RPW is −39 dBm, which is 29 dB above LoRa.
The maximum coverage distance attained by RPW is 15 km, which is 1.5 times of LoRa.

INDEX TERMS IoT, link budget, LoRa, LPWAN, multipath fading, Okumura-Hata, polarization diversity,
RPW, shadowing.

I. INTRODUCTION
Low-Power Wide-Area Network (LPWAN) technologies
have spurred in the last decade, and most of them have
been commercialized. They can be categorized as cellular
LPWANs and unlicensed band LPWANs. In most of the unli-
censed band LPWANs, the physical layer is proprietary while
MAC and upper layers have been standardized and are open
for improvement. LPWAN arena is primarily dominated by
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four LPWANs: LoRa, Sigfox, NB-IoT and LTE-M [1]. LoRa
and Sigfox operate on unlicensed spectrumwhile NB-IoT and
LTE-M are cellular LPWANs. LoRa is the leading LPWAN
with a projected growth of 660 million connections by
2023 [1]. It offers high reliability, high sensitivity, extended
coverage, large link budget and greater energy efficiency [2].
However, with the advent of Rotating Polarization Wave
(RPW) LPWAN [3], [4], Internet of Things (IoT) market
is expected to witness an interesting competition between
RPW and other LPWANs. Early simulation results have
shown that RPW is very reliable in an extremely hostile
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propagation environment [3], [5]. This has motivated the
authors to further investigate the performance comparison
of LoRa and RPW, and to the best of the knowledge of
authors, this is the first paper to provide comprehensive
error performance comparison between LoRa and RPW for
LPWAN connectivity.

LoRa has sufficiently matured over the past decade and
gained much attention in the LPWANmarket. Latest research
trends in LoRa include reliability, scalability, and adaptive
resource allocation [6]. LoRa has a proprietary physical layer
(PHY) named after it, and an open-standard MAC layer,
known as LoRaWAN. RPW, on the other hand, is going
through its embryonic stages. Its PHY is currently owned
by Hitachi (Japan) while its MAC has been defined but not
implemented [7]. Improvements are underway in data rate [3]
and reliability for various propagation conditions.

Reliability is one of the major challenges for LPWANs.
IoT applications like industrial monitoring and control, M2M
communication and telemetry demand a minimum reliability
of 99.99 percent in terms of packet delivery [8]. Multipath
fading is central to the quality of link in urban as well as
forest areas as it has a huge impact on the link reliability [9].
In urban areas, it is caused by reflectors and scatterers in
the vicinity of transmitters and receivers; while in forests,
the underlying causes are vegetation, climate variation, and
Non-Line-of-Sight (NLoS) conditions. Many papers reported
that trees, leaves and foliage in tropical environments can
attenuate wireless signal by 15 to 30 dB on VHF and UHF
frequencies [10], [11], [12].

Severe degradation in error performance of LoRa has been
reported due to multipath effects [13], [14]. The performance
can be improved by use of higher spreading factors (SF)
of 10 to 12 but at the expense of reduction in transmission
rate. On the other hand, RPW is less sensitive to multipath
fading, and has a significant advantage over LoRa in terms
of bit error rate (BER) [5]. This can be attributed to
the reception of information signal at a large number of
redundant polarizations and hence minimize depolarization
and multiple reflections caused by surrounding objects.
However, this feature of RPW to combat multipath fading
needs further investigation to establish its use as LPWAN.

Being the leader in IoT LPWANs, LoRa was originally
designed to reach a theoretical coverage range of 5 km in
urban and 15 km in rural areas [9]. However, despite its
robust Chirp Spread Spectrum (CSS)modulation, presence of
obstacles and reflectors desperately affects the performance.
Factors such as reflection and absorption by obstacles
reduce the real-world range of communication [15]. Varying
the height of antenna affects the coverage and antenna
orientation affects communication range [16]. This suggests
that the polarization of the antenna and the signal has
its role in extended coverage and range. Spreading factor
and antenna orientation also affect the signal quality [16].
The practical range drastically reduces to 200 m in urban
scenario with high-density buildings and greater human
activity [9]. Similarly, in temperate forest, LoRa can establish

a communication link with a range of 250 m only. Slightly
different results for an urban range (500 m) are obtained
in [2]. A trade-off among SF, sensitivity and data rate [15]
shows that decreasing SF from 12 to 6 enhances the data
rate from ≈0.3 kbps to ≈10 kbps (30x), but the sensitivity
is reduced by almost 100 times (100x) [15]. Consequently,
Time-on-Air (ToA) is significantly increased and the battery
life is affected. The degradation of receiver sensitivity
eventually translates into reduced communication range.
While most of the recent research on LoRa focuses on
adaptive SF allocations, tuning the parameters to ensure
successful reception at the cost of data rate is sometimes
not recommended. For example, the limited bandwidth in
LoRa modulation makes it less suitable for high bit rate
data transfer from devices like image sensors [17]. Another
special case is the communication link for the fringe or edge
coverage [18]. In such cases, faster PHY setting i.e. higher
data rates and shorter ToA with re-transmissions are required
to improve packet reception rate and link quality. This
approach translates to improved energy efficiency. Therefore,
a careful PHY and RF design can help provide extended
range.

In view of the limitations and trade-offs stated above,
RPW is expected to outperform LoRa. RPW signal can reach
farther than LoRa because of more resilience to multipath,
since polarization can be controlled. Also it offers higher
data rate, and therefore more energy-efficiency. Generally,
the previous works on LoRa link budget analysis have not
incorporated LoRa processing gain on account of spectral
spreading. Furthermore, no previous work has investigated
the range of RPW in different terrains particularly urban,
suburban, and rural. Shadowing and multipath fading are
major contributors to the path loss, and it is crucial to include
shadowing and fast fading margins into the link budget
computations [19]. But, previous works on LPWANs have
either ignored fast fading margin or have used empirical
values for shadowing and fast fading margins [2], [20].
Rather, miscellaneous variable obstacle losses have been
considered [2]. Therefore, generalization about LPWAN link
performance cannot be made from the existing literature.
Since RPW prototype has not been tested for different
propagation environments, a comparison between RPW and
LoRa using statistical estimates for fade margins is also
essential. Other losses such as fixed obstacle losses on top of a
uniform gently rolling terrain also occur. Moreover, outdoor-
to-indoor loss should also be considered to accommodate
deep indoor coverage of an IoT end device (ED) [20]. Hence
a rigorous performance comparison of RPW and LoRa based
on the gaps highlighted above is inevitable.

The objective of this paper is to evaluate the PHY
performance of LoRa and RPW over a point-to-point link.
This has been achieved through the following contributions:

1) Continuous-time mathematical models are proposed to
illustrate physical layer principles of RPW and LoRa

2) Empirical models of RPW and LoRa are employed for
link budget analysis
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3) Fast fading margins are incorporated into link budget
analysis of RPW and LoRa to determine their receiver
sensitivity (ρ), received signal strength (RSS) and
maximum coverage range (Rmax).

The remaining paper has been organized as follows:
Section II mathematically describes the principles of RPW
and LoRa modulation and detection. Empirical models
for BER analysis are depicted in Section III. Section IV
comprehensively covers the determination of link parameters
and their impact on performance in terms of sensitivity,
fade margins, path loss, gains and miscellaneous losses.
Simulation results of RSS and Rmax have been presented and
discussed for urban, suburban and rural areas. Section V sum-
marizes the important results and comparative performance
of the two LPWANs, and Section VI concludes the paper.

II. PHYSICAL LAYER PRINCIPLES
This section gives a comprehenstive mathematical treatment
of RPW and LoRa for their respective modulation and
detection principles.

A. PRINCIPLES OF RPW
RPW is the rotation of binary symbols in polarization
domain to improve the reliability of wireless link. The binary
information flow generated from the MAC layer is divided
into k-bit symbols mi ∈ {0,M − 1}, where M = 2k is the
total number of possible symbols. RPW signal is generated
using Rotating Polarization Multi-level Phase-Shift Keying
(RP-MPSK) modulation that is capable of slowly varying the
polarization of the electromagnetic wave with time over an
entire symbol period Ts [3]. This is illustrated in Fig. 1 in
terms of horizontal and vertical polarized components.

First, a ‘so-called’ dual MPSK modulation is performed
on a symbol that results in two equivalent baseband MPSK
waveforms c (t) and s (t), given by

c(t) = ±
√
2 cos(2π fbt + ϕi), (1a)

s(t) = ±
√
2 sin(2π fbt + ϕi), (1b)

where fb = 1/Ts is the baseband modulation frequency, and
ϕi =

2πmi
M + φini is the phase corresponding to the ith symbol

mi transmitted at time iTs, with φini as the initial phase of the
MPSK constellation (when mi = 0). The pair of signals in
(1) can alternatively be expressed as a complex exponential
signal g (t) of the form

g (t) =
√
2 · ej(2π fbt+ϕi), (2)

so that

c(t) = ℜ{g(t)} and s(t) = ℑ{g(t)}. (3)

where ℜ{·} and ℑ{·} denote the real and the imaginary parts,
respectively. The complex envelope of the baseband signal
g(t) is given by

m (t) =

∑
i∈Z

g (t − iTs) (4)

FIGURE 1. Illustration of RPW signal.

The signal is then up-converted to complex radio signal q (t)
of carrier frequency fc ≫ fb as

q(t) = m(t) cos (2π fct) (5)

The real part of q (t) is transmitted through horizontally
polarized antenna as ht (t) and the imaginary part is
transmitted through vertically polarized antenna as vt (t)

ht (t) = ℜ{q(t)} and vt (t) = ℑ{q(t)}. (6)

Eventually, the electromagnetic RPW signal takes the form

8RPW(z, t) = ℜ{m(t)}uc(t)ax + ℑ{m(t)}uc(t)ay, (7)

where uc(t) = cos (2π fct + βz) is the carrier signal with
phase constant β = 2π/λ, ax and ay are the unit vectors along
horizontal and vertical polarizations respectively, λ is the
wavelength, and RPW travels along z-axis. For Nyquist ideal
filtering, the bandwidth of q (t) is B = fb = Rs = Rb/k , with
Rs and Rb denoting symbol rate and bit rate, respectively [21].
Assuming perfect time and phase synchronization, signals

hr (t) and vr (t) received from horizontal and vertical
polarized antennas respectively, are sampled at a rate fp =

1/Tp = Npfb, with fb < fp ≪ fc:

hr
(
nTp

)
= hc · ht

(
nTp

)
+ wc

(
nTp

)
(8a)

vr
(
nTp

)
= hs · vt

(
nTp

)
+ ws

(
nTp

)
(8b)

Here, hc ∼ NC(0, σ 2
hc ) and hs ∼ NC(0, σ 2

hs ) are single-tap
block fading channels. The complex circular white Gaussian
noise signals are represented by wc(iTr ) ∼ NC(0, σ 2

wc ) and
ws(iTr ) ∼ NC(0, σ 2

ws ). Np ∈ Z is the sampling ratio, which
is a parameter of primary interest in RPW as the order of
polarization diversity increases with Np.
The digital demodulation of r th transmit symbol occurring
over the interval (rTs −

Ts
2 ≤ t < rTs +

Ts
2 ) corresponds to

the processing of consecutive Np =
Ts
Tp

samples of (8):

rh
(
ℓTp

)
= hr

(
ℓTp + rTs

)
· cos

(
2π fbℓTp

)
(9a)

rv
(
ℓTp

)
= vr

(
ℓTp + rTs

)
· sin

(
2π fbℓTp

)
(9b)
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Here, ℓ ∈
[
0,Np − 1

]
. In this interval, all other terms in (4)

vanish. Therefore,

hr
(
ℓTp + rTs

)
= hc · R

{
m(ℓTp)

}
+ wrc

(
ℓTp

)
, (10a)

vr
(
ℓTp + rTs

)
= hs · I

{
m(ℓTp)

}
+ wrs

(
ℓTp

)
, (10b)

where m
(
ℓTp

)
= exp

(
j2π fb

[
ℓTp+

mr
M Ts

])
using (4) and

wr(·)(ℓTp) = w(·)(ℓTp + rTs). Now combining (9) and (10),
we obtain

rh
(
ℓTp

)
= xh

(
ℓTp

)
+ wh

(
ℓTp

)
, (11a)

rv
(
ℓTp

)
= xv

(
ℓTp

)
+ wv

(
ℓTp

)
. (11b)

The information terms are given by

xh
(
ℓTp

)
= hc · R

{
m(ℓTp)

}
cos

(
2π fbℓTp

)
, (12a)

xv(ℓTp) = hs · I
{
m(ℓTp)

}
sin
(
2π fbℓTp

)
, (12b)

and the noise terms are

wh
(
ℓTp

)
= wrc(ℓTp) cos

(
2π fbℓTp

)
, (13a)

wv
(
ℓTp

)
= wrs (ℓTp) sin

(
2π fbℓTp

)
. (13b)

The pair of signals in (11) is co-phased and combined
using equal-gain combining (EGC). The advantage of EGC
over selection combining (SC) is the increase in carrier-to-
noise ratio (CNR), that increases with number of diversity
branches [22]. Maximal ratio combining (MRC) can also
be performed but the complexity increases because of the
different weights assigned to each diversity branch. In EGC,
all the branches are equally weighted. EGC is preferred over
MRC because the CNR of EGC is only slightly less than
MRC [22]. Employing EGC, the combined received sequence
is given by:

r
(
ℓTp

)
= rh

(
ℓTp

)
e−jθh + rv

(
ℓTp

)
e−jθv (14)

Here θh and θv are the estimated phases of hc and hs,
respectively. Assuming coherent detection, the mth correlator
can be expressed as

zm
(
ℓTp

)
= cos

(
2π fb[ℓTp +

m
M
Ts]
)

. (15)

If r is the complex random vector associated with r
(
ℓTp

)
and zm is the complex vector associated with zm

(
ℓTp

)
the maximum likelihood sequence estimation (MLSE) is
performed to detect the transmitted symbol mr as

m̂r = argmax
m

ℜ{rzHm }, (16)

where (·)H represents Hermitian transpose. After all the
transmitted symbols are detected, they are converted back to
k-bit symbols and MAC bit-stream is recovered.

An equivalent discrete description of RPW generation and
detection using RP-MPSK modulation is provided in [3].

It is important to note that RPW involves three different
frequencies: the carrier frequency fc, the polarization rotation
frequency fb (which is also RP-MPSK modulation fre-
quency), and the sampling frequency fp (at which RPW signal
is sampled on receiver side, so that multiple polarizations of

FIGURE 2. Illustration of (a) Raw chirp signal (b) LoRa CSS signal.

a symbol are obtained) that can be varied according to the
required number of polarization samples of RPW signal. The
higher the value of fp keeping fb constant implies improved
signal recovery, and hence higher reliability. The relationship
between these frequencies can be given as fb < fp ≪ fc. It is
notable that fp should be kept sufficiently small than fc for
successful RP-MPSK and maintain RPW characteristics over
the channel. The modulation frequency fb is fixed at 125 kHz
because it is used by existing RPW prototype as well as LoRa
modules [23], [24].

The sampling ratio Np = fp/fb is an important RPW
parameter that impacts the reliability of communication. The
minimum value of Np is 3. This is a preliminary lower
bound for the performance evaluation and validation of RPW.
RP-MPSK demodulation is not guaranteed if Np < 3,
because RP-MPSK demodulation depends on the most
frequently occurring symbol within a symbol period TS of
transmission. Per contra, any upper bound for Np is not
available in literature. Moreover, depending on the receiver
hardware, the value of Np can be as high as 32 or greater if
ADC on receiver can support a sampling rate up to 4 Msps.
This is subject to the baseband modulation frequency fb.

B. PRINCIPLES OF LoRa
LoRa employs multiple spreading factors (SF) for improve-
ment in range and energy efficiency, and to control bit
rate [25]. The bit stream generated fromMAC layer is divided
into smaller sequences of length SF ∈ [7 . . . 12]. Each small
sequence is considered as a symbol, resulting in M = 2SF

number of symbols. The spreading factor SF is the ratio of
bit rate Rb to the symbol rate Rs, i.e. SF = Rb/Rs. Spread
spectrum signal is generated by modifying a raw or reference
chirp signal. The latter is defined as a signal whose frequency
varies linearly with time over an entire symbol period Ts. The
raw chirp can be an up-chirp or a down-chirp, depending upon
whether its derivative is positive or negative, respectively.
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An up-chirp is shown in Fig. 2a. The complex envelope of
raw chirp for the interval t ∈

[
−
Ts
2 , Ts2

)
can be expressed

mathematically as follows:

c(t) = ejθc(t), with θc(t) = ±π
B
Ts
t2, (17)

where the transmitted chirp traverses through B Hertz.
Furthermore, the ’+’ sign indicates an up-chirp and the ’−’
sign indicates a down-chirp. The variable frequency fc(t)
during this traversal can be given by:

fc(t) =
1
2π

dθc(t)
dt

= ±
B
Ts
t. (18)

Unlike digital communication systems without spectral
spreading, where the symbol rate Rs is proportional to
bandwidth, the signal bandwidth of LoRa CSS modulation
is fixed to B having the following relationship with Ts:

M = B× Ts. (19)

Since each LoRa symbol must be unique, M orthogonal
chirps are defined and mapped to respective M orthogonal
symbols, so that each unique symbol m maintains a specific
instantaneous phase trajectory.

Let the ith symbol mi ∈ {0, . . . ,M − 1} be transmitted
at time iTs. Then the up or down chirp associated with
it is defined by introducing a delayed τi =

mi
B with its

segment occurring outside the interval [−Ts
2 , Ts2 ) cyclically

shifted back into [−Ts
2 , −Ts

2 + τi). This is the fundamental
idea of LoRa modulation. It ensues that the modulated chirp
corresponding to mi is formulated in two segments:
1) a raw chirp advanced by (Ts − τi) for t ∈[

−
Ts
2 , −Ts

2 + τi

)
, and

2) a raw chirp delayed by τi for t ∈

[
−
Ts
2 + τi,

Ts
2

)
.

For example, if it was an up-chirp, it will be expressed as:

f ic (t) =
B
Ts

(t − τi) + B for t ∈

[
−
Ts
2

, −
Ts
2

+
mi
B

)
f ic (t) =

B
Ts

(t − τi) for t ∈

[
−
Ts
2

+
mi
B

,
Ts
2

)
.

Fig. 2b is an illustration of modulated chirps. In terms of
instantaneous phase:

θ ic(t)= π

[
B
Ts

(t − 2τi)t + 2Bt
]

for t ∈

[
−
Ts
2

, −
Ts
2

+
mi
B

)
θ ic(t) =

πB
Ts

(t − 2τi)t for t ∈

[
−
Ts
2

+
mi
B

,
Ts
2

)
.

Eventually, the complex envelope of the transmitted signal is:

s(t)=
∑
i∈Z

ejθ
i
c(t−iTs)1[ Ts(2i−1)

2 ,
Ts(2i+1)

2

](t) (20)

where 1[a,b](t) is the indicator function of the interval [a, b]
and θ ic(t) corresponds to the phase of the modulated chirp
related to symbol mi, which is transmitted at time iTs.
For a perfect synchronization in time and frequency, and

channel with single-tab impulse response h ∼ NC(0, σ 2
h ), the

received signal sampled at rate Te and denoted by y(nTe) can
be written as

y(nTe) = h× s(nTe) + w(nTe), (21)

where w(nTe) ∼ NC(0, σ 2) represents the complex noise
assumed white, Gaussian and circular.

According to the patent EP2449690 [26], the transmitted
symbols are detected by multiplying every time frame with
Ts duration of the received signal complex envelope by the
conjugate version of the raw chirp (17) used in the transmitter
(up or down). Thus the digital demodulation of the pth

transmitted symbol (pTs −
Ts
2 ≤ t < pTs +

Ts
2 ) corresponds

to the processing of N =
Ts
Te

samples:

rp(nTe) = y(nTe + pTs)e−jθc(nTe), (22)

with n ∈ J−N
2 , N2 − 1K. In this interval, all the terms of the

sum in (20) are null, except the term i = p. As a consequence:

y(nTe + pTs) = h× ejθ
p
c (nTe) + w(nTe + pTs). (23)

In that respect, by substituting (23) into (22), it ensues that

rp(nTe) = xp(nTe) + wp(nTe), (24)

where the useful signal is equal to

xp(nTe) = h×

(
ejθ

p
c (nTe)

)
e−jθc(nTe), (25)

and the noise terms are

wp(nTe) = w(nTe + pTs)e−jθc(nTe). (26)

Then the complex arguments of (25) (excluding h) are given
by(

−2π
mp
Ts
nTe + 2πBnTe

)
for n ∈

[
−
N
2

, −
N
2

+
mp
TeB

)
,(

−2π
mp
Ts
nTe

)
for n ∈

[
−
N
2

+
mp
TeB

,
N
2

)
.

Finally, when sampling the signal at Nyquist rate
Te =

1
B , we haveM = N and then using (19) we obtain:

rp(nTe) = h× e−j2π
mpn
M + wp(nTe). (27)

Thus, rp(nTe) is the sum of a complex exponential with
normalized frequency −

mp
M and a complex Gaussian noise.

As a consequence, the Fourier transform of this discrete
signal exhibits periodic peaks at the frequencies −

mp
N mod 1,

where mod means modulo. Still building upon the patent
US8406275B2 [26], the optimal estimation of mp can be
performed by searching for the maximum of the periodogram
of rp(nTe), computed as Pp[k] = |Rp[k]|2, where Rp[k], for
k ∈ J0,N − 1K, is the discrete Fourier Transform (DFT) of N
samples from rp(nTe). It is expressed as follows:

Rp[k] =
1

√
N

N
2 −1∑

n=−
N
2

rp(nTe)e−j2π
nk
N . (28)
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Since Rp[k] coincides with the Fourier transform of the
finite-length discrete signal

{
rp(nTe)

}
n=−N/2,...,N/2−1 at the

frequency k
N , the peak in Rp corresponding to the complex

exponential at the frequency−mp/N in (27) is obtained when
k = N − mp. It follows that Rp[k] can be expressed as:

Rp[k] =
√
Nhδ(k + mp − N ) +Wp[k], (29)

where δ(k) represents the Dirac impulse, and Wp[k] is the
DFT of the noise. The latter keeps its statistics due to the DFT
properties. To end up, the detection of mp can be achieved by
computing:

m̂p = N − argmax
k∈[0,N−1]

(
Pp[k]

)
. (30)

It should be noted that an equivalent all discrete description
of the LoRa modulation has been proposed by [27].

III. EMPIRICAL MODELS
Physical layer performance evaluation starts with BER
performance. Therefore, this section describes the empirical
models and expressions used for BER analysis of RPW and
LoRa as a function of carrier-to-noise ratio (CNR).

A. RPW MODEL
Analytical expressions for BER of RPW with RP-MPSK
modulation is a work in progress. Therefore, simulation
approach is used to evaluate BER. Q-RPW model proposed
by the authors has been used for simulation of RPW
communication system [3]. Let m[n] be the transmitted
quaternion vector,H [n] the multipath quaternion coefficients
vector, and w[n] the quaternion noise vector, Q-RPW model
is described as:

r[n] = m[n]H [n] + w[n] (31)

The transmitted signal m[n] is defined as

m[n] =

∑
i∈Z

gi[n− iNp] (32)

where

gi[n] = qie
j 2πnNp iNp ≤ n < (i+ 1)Np (33)

is the transmitted quaternion vector of length Np correspond-
ing to ith quaternion symbol qi (see Appendix A).

For the detection of qi, we first rewrite (31) as:

ri[n] = mi[n]Hi[n] + wi[n]

Let R and H denote the quaternion vectors corresponding to
ri[n] and Hi[n], respectively. The following decision metric
is used for coherent detection of qi:

q̂i = argmin
m

(∥R − ZmH∥
2), (34)

where Zm is the quaternion vector of mth correlator (m ∈

[0,M − 1]), given by the following function:

zm[p] = qme
j 2πpNp 0 ≤ p < Np (35)

Average number of errors Ne for transmission of Ns symbols
is computed as a function of CNR to find average BER:

BER(0) =
Ne(0)
Ns

(36)

where 0 is the average CNR of the received signal.

B. LoRa MODEL
LoRa is a proprietary technology, and exact analytical
expressions for its BER are not found in literature. However,
researchers have come up with a few estimated BER
expressions for LoRa [28], [29]. Closed form expression
of LoRa under AWGN and Rayleigh fading conditions
are proposed by Elshabrawy and Robert [29]. Their BER
expression for AWGN conditions is given by:

Pb,awgn =
1
2
Q(
√

0 · 2SF+1 −
√
1.386 · SF + 1.154) (37)

This empirical expression has close agreement with BER
expression obtained by Reynders et al. [30] based on curve
fitting of simulation results. For Rayleigh or multipath fading
environment, the simplified form (see Appendix B) of the
expression given in [29] is:

Pb,fad =
1
2
Q
(
−

√
a
)
−

1
2
exp

(
−a

2[b+ 1]

)
×

√
b

b+ 1
Q

(
−

√
ab

b+ 1

)
(38)

where

a ≈ 2 ln
(
2SF − 1

)
+

1
(2SF − 1)

+ 1.15444

b = 2SF · 0

IV. LINK PERFORMANCE
Link performance of RPW and LoRa is evaluated for a
fixed terrestrial up-link point-to-point communication. ISM
carrier frequency of 868 MHz with a 125 kHz narrowband
channel for both RPW and LoRa is considered. Since most
of the existing LPWANs operate on this band and existing
simulations are also available for validation of the results
obtained in this work [2]. Error performance is obtained
as a function of CNR for both AWGN and multipath
(Rayleigh fading). Because of digital modulation, the term
CNR is used instead of signal-to-noise ratio (SNR) [31].
The sensitivity is obtained for an acceptable BER of 10−5

to limit the simulation time and compare the available
BER profiles of existing LPWANs. Comparisons are given
for un-coded modulations, hence no error detection or
correction is employed. The reference curves for this BER
range of LoRa are also available for comparison with [29].
Noise Figure (NF) of LPWANs varies between 2 to 6 dB
[2], [32]. Therefore, the highest NF of this range that is
6 dB is considered in this work. Acceptable probability of
fringe coverage Pr (coverage) is 0.95. Antenna heights of the
GW and ED are 25 m and 8 m respectively based on and
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FIGURE 3. BER comparison of RPW and LoRa over AWGN.

average two-level building [2]. GW antenna gain is 10 dB
while ED antenna is omnidirectional. The maximum transmit
power is 14 dBmwhich is used by unlicensed band LPWANs.
Okumura-Hata propagation model is used. Shadowing and
multipath fading losses are statistically estimated, and added
to the path-loss obtained from Okumura-Hata model to
estimate overall path loss. RSS and Rmax are determined for
urban, suburban, and rural areas. For fb = 125 kHz, the bit
rate Rb of RPW is 125 kbps, which is much higher than LoRa.
The bit rate of LoRa is given by Rb = B×SF/2SF [33]. With
B = 125 kHz, and SF = 7 and SF = 12, the highest and
the lowest data rate of LoRa comes out to be 6.836 kbps and
0.366 kbps, respectively. Therefore, the simulation results for
three cases of RP-MPSK modulation are presented [3] for
comparisonwith LoRa: two for RP-BPSK (lowest order RPW
modulation) with Np = 3 and Np = 8, and the third one for
RP-16PSK (highest order RPW modulation) for Np = 8.

A. ERROR PERFORMANCE
Reliability is one of the most important characteristics
of LPWANs. In this subsection, the BER performance of
RP-BPSK and RP-16PSK modulation [5] is compared with
LoRa CSS modulation under AWGN and Rayleigh fading
conditions. For LoRa, the best performance is obtained for the
highest spreading factor SF = 12 and the worst for SF = 7.
The best case performance of LoRa is 23 dB better than that
of RPW. From Fig. 3, it is evident that LoRa has an excellent
BER performance for AWGN channel at about 20 dB below
the noise floor (negative CNR). The key factor behind this
performance is the robust CSS modulation [17]. RP-BPSK
and RP-16PSK require a higher CNR for the minimum
acceptable BER. RP-BPSK attains the same performance at
only 0 to 4 dB above the noise floor, while a power of about
14 dB above the noise floor is required in case of RP-16PSK
under AWGN conditions. The other existing demodulation
methods can achieve this performance at about 8 to 10 dB
above the noise floor [17].

Fig. 4 shows BER performance of LoRa and RPW with
RP-BPSK and RP-16PSK modulation under multipath or

FIGURE 4. BER comparison of RPW and LoRa over rayleigh fading.

TABLE 1. Simulation parameters and performance specification.

Rayleigh fading conditions for the same values of SF and Np
as in Fig. 3. For lower values of CNR, LoRa performs better
than RPW, however it does not satisfy the BER criteria of
10−5. But for high CNR values, RPW performs significantly
better than LoRa and it also satisfies the BER criteria. This
is because the same RPW symbol is transmitted on all
polarization angles from 0 to 2π , and received at a finite
large number of polarizations Np per symbol. It is notable
that RP-BPSK with Np = 8 conforms the BER criteria at
a much lower CNR of 3 dB compared to 18 dB (15 dB above
RPW) for LoRa with SF = 12. For Np = 3, RP-BPSK
satisfies the required BER at 0 = 9 dB. RP-16PSK achieves
the same BER performance at 0 = 17 dB with Np = 8.
It is evident that RPW with highest order modulation RP-
16PSK performs better than LoRa with highest spreading
factor SF = 12 in terms of CNR. It is notable that RP-
16PSK offers a high bit rate of 500 kbps compared to LoRa
bit rate of 0.366 kbps with SF = 12. Therefore, RPW is
more suitable for applications that demand high reliability
and high transmission rate. These values along with other
simulation parameters and performance specifications are
given in Table 1.

B. SENSITIVITY
Sensitivity is the minimum received signal power to satisfy
the desired BER [34]. The lower is the power, the higher is the
sensitivity. If holding time of the channel is large compared
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FIGURE 5. Sensitivity levels of RPW and LoRa over AWGN channel.

to the fading duration as in voice transmission, BER under
fading conditions is considered [34]. Therefore, a fademargin
is determined from large-scale fading only. On the other
hand, in case of data transmission, the channel holding time
is short. The BER under only AWGN or static conditions
is considered to find the receiver sensitivity [34]. Therefore
fade margin is determined from both large-scale and small-
scale fading. Since, both RPW and LoRa are considered
as IoT technologies that involve data transmission only, the
sensitivity under AWGN conditions is considered for this
paper which is given in Fig. 5. However, sensitivity under
fading conditions is also shown in Fig. 6 for reference. If NF
is the receiver noise factor in dB, 0min is the minimum CNR
in dB to achieve the desired BER, B is the channel bandwidth
in kHz, the sensitivity σ in dBm is given by [32]:

σ = −174 + NF + 0min + 10 log10 B (39)

Fig. 5 and Fig. 6 show the received power levels of RPW
and LoRa for varying BERs under AWGN and multipath
conditions using (39) with 0min and 0f,min from Table 1,
respectively. To achieve BER of 10-5, the sensitivity of LoRa
under AWGN is much higher than RPW. The sensitivity of
RP-BPSK for Np = 8 is 9 dB worse than the sensitivity of
LoRa for the lowest spreading factor (SF = 7). LoRa exhibits
a sensitivity of -140 dBm with SF = 12 while it is -126 dBm
with SF = 7. The sensitivity of RP-BPSK is -114 dBm and
-117 dBm for Np = 3 and Np = 8, respectively. RP-16PSK
exhibits a sensitivity of −103 dBm with Np = 8. It can also
be deduced that the variation of SF in LoRa has a significant
impact on sensitivity, while varyingNp has comparatively low
impact on sensitivity of RPW. Therefore, LoRa outperforms
RPW in terms of sensitivity under AWGN conditions at the
expense of bit rate.

In case of Rayleigh fading, RPW shows significantly
higher sensitivity than LoRa. From Fig. 6, it can be observed
that the sensitivity of the highest order RPW modulation,
i.e., RP-16PSK (Np = 8) is slightly higher than the best
case of LoRa (SF = 12). Furthermore, this translates to a
considerably higher bit rate of RPW (500 kbps) than LoRa

FIGURE 6. Sensitivity levels of RPW and LoRa under Rayleigh fading
conditions.

(0.366 kbps), as indicated in the beginning of Section IV.
Using lower order RPW modulation (RP-BPSK) instead of
higher order modulation (RP-16PSK) offers an advantage of
about 15 dB in sensitivity with Np = 8. Therefore, it is
deduced that RPW can perform reasonably well in heavy
multipath environment.

C. PATH LOSS
Several factors contribute to path loss experienced by
LPWANs. A path loss element is either because of large-scale
fading (variation over distance) or small-scale fading (vari-
ation over time) [35] while the latter is mostly ignored in
LPWAN literature. The large-scale fading is caused by

1) attenuation commonly modeled by free-space loss
(FSL) or plane-earth loss (PEL),

2) obstruction losses due to edge diffraction and clutter
(trees and buildings) and

3) shadowing due to clutter variation.
Empirical path loss models account for both the attenuation
due to FSL or PEL and the obstruction losses due to
clutter [35]. These models are generally applied to macrocells
considering the effects of typical clutter on a flat or a gently
rolling terrain at a given distance. However, the clutter at a
given distance on one path is different from clutter at the
same distance on another path [35]. It causes variations in
nominal path loss obtained from empirical path loss models.
Resulting variations in RSS are known as shadowing or
slow fading. Shadowing is statistically characterized by a
log-normal random variable that turns out to be Gaussian
random variable when converted to dB, and therefore, can be
added to the median path loss in dB. The small-scale fading
includes multipath fading often expressed by Rayleigh or
Rician distribution [35].

In this paper, Okumura-Hata model has been considered
in combination with shadowing and multipath losses to
determine overall path loss. Okumura-Hata is themost widely
used path loss model, sometimes regarded as a standard [35].
The Okumura-Hata path loss LOH is characterized by
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categorizing the area as urban, suburban or rural. The overall
variable path loss L̃T [36] is given below by

L̃T = LOH + L̃S + L̃F , (40)

where L̃S ∼ N
(
0, σ 2

L

)
measured in dB, accounts for

shadowing, and L̃F accounts for fast fading represented in
logarithmic form to conform with the equation. Since (40)
quantifies the variable path loss, it is necessary to establish
the maximum acceptable path loss LT to compare the link
budgets allowed in RPW and LoRa on the edge of coverage
by adding appropriate fade margins for shadowing and fast
fading:

LT = LOH + LS + LF (41)

The shadowing margin LS and the fast fading margin LF are
statistically determined. The three loss elements in (41) as
used in this paper are discussed in this section.

1) OKUMURA-HATA PATH LOSS MODEL
Okumura-Hata Model is widely adopted in performance
evaluation of wireless systems over different terrains such as
urban, suburban and open or rural areas [2]. It is given by
(42), as shown at the bottom of the next page, where fc is the
carrier frequency in MHz, hG is the gateway antenna height,
hD is the end-device antenna height, a (hD) is a function
of the end-device antenna height that depends on terrain,
d is the distance between gateway and end-device, and c is
the correction factor which also depends on terrain. For
simulation we have considered, fc = 868 MHz, hG = 30 m
and hD = 8 m. The function a (hD) is given by (43), as shown
at the bottom of the next page, and the correction factor c
is determined by (44), as shown at the bottom of the next
page.

2) SHADOWING LOSS
Signal depolarization in highly reflective and cluttered
environments can be mitigated if polarization diversity
is used [37]. RPW is an efficient polarization diversity
technique because of its ability to trail the severity of
depolarization. Experiments carried out by Hitachi Research
Laboratories have shown successful transmission of RPW
signal through a small hole of the drawer in which the
transceiver prototype was placed. Thus it can better withstand
shadowing compared to LoRa. Equal shadowing margin
is considered for both RPW and LoRa in this paper. The
shadowing margin LS is calculated from the log-normal
shadowing L̃S in dB as

L̃S = σL · z, (45)

where, σL is the standard deviation of L̃S , known as location
variability, and z ∼ N (0, 1) [35]. The location variability
depends on fc, hG, hD and the environment. It is greatest in
suburban areas and lowest in open and rural areas. In case of
sub-GHz carriers, it falls between 6 to 9 dB [35]. An empirical

expression for σL to conformwith Okumura-HataModel [38]
is given by

σL = 0.65
[
log fc

]2
− 1.3 log fc + A, (46)

where A is the environment-dependent location variability
parameter. For urban areas, A = 5.2, and for suburban areas,
A = 6.6 [38]. Since, the lowest value of σL in LPWANs is
6 dB that corresponds to open and rural areas as mentioned
above, a tentative approximation of A for rural areas is 4.2.
Putting the values of A into (46), the approximate value of σL
for urban and suburban areas is 7 dB and 8.4 dB, respectively.
Now the probability of a minimum increase of LS dB in
median path loss LOH due to shadowing at a given distance
can be calculated as [35]:

Pr
(
L̃S > LS

)
= Q

(
LS
σL

)
= Q (zL) (47)

Here, Q (·) is known as the tail of cumulative normal
distribution and 1 − Q (·) gives the probability of successful
communication at the fringe of coverage [35]. The right-hand
side of (47) is obtained from (45) by substituting L̃S = LS and
z = zL . We use inverse ofQ function (Q−1) to find shadowing
margin LS :

LS = σLQ−1 [1 − Pr (coverage)
]

(48)

For this paper, we have considered 95% successful coverage,
so that LS ≈ 1.64σL .

3) FAST FADING
Fast fading is one of the major contributors to overall path
loss encountered by a communication link. Fast fading loss
can be worse than shadowing. The fade margin LF associated
with fast fading [19] can be estimated as

LF = 10 · log [− ln (1 − Pout)], (49)

where Pout is the probability that BER exceeds the minimum
acceptable BER under Rayleigh conditions [39] given by

Pout =
1
2

(
1 −

√
0f,min

2 + 0f,min

)
, (50)

and 0f,min is the minimum required CNR to maintain desired
quality of communication under Rayleigh fading conditions.
From Fig. 4, 0f,min for LoRa is 63 while it is 2 in case of
RPW on linear scale, and hence Pout is 0.0077 and 0.1467,
respectively. Putting these values into (49) gives respective
LF values of 21 dB and 8 dB. A list of simulation parameters
and performance specification calculated above is given in
Table 1. Fig. 7 shows the maximum acceptable path loss LT
of RPW and LoRa for urban, suburban and rural areas using
(41). This is the first work on path loss of RPW, however,
the curves for LoRa agree with the results reported in [2]
except the fade margins have been added for distances up
to 50 km.

It is interesting to note that RP-16PSK (Np = 8) suffers
almost the same path loss as LoRa (SF = 12). This is a
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FIGURE 7. Total path loss of RPW and LoRa in (a) urban areas,
(b) suburban areas, and (c) rural areas.

significant result as RP-16PSK has a much higher bit rate
than LoRa (SF = 12). It can also be noticed that LoRa
performs 13 dB worse than RP-BPSK. This difference arises
from the enhanced resilience of RPW to fading channels.
As expected, the smallest path loss was obtained in rural
areas, and the largest in urban areas. Path loss in rural areas is
160 and 173 dB for RP-BPSK and LoRa respectively, and
an approximate additional loss of 20 dB each is incurred
going from rural to suburban, and suburban to urban areas.
These values also show the same trend as reported in [2]. Path
loss values of RP-BPSK, RP-16PSK and LoRa for all three
environments are given in Table 2.

D. RECEIVED SIGNAL STRENGTH
In order to find RSS, we use the following expression:

RSS = Pt + GT − LT , (51)

Here Pt is the transmit power, GT is the sum of all gains,
and LT is the sum of all losses. For RPW, the diversity gain,
and for LoRa, the processing gain due to spread spectrum
technique must be included to overall gain in (51). The
description of effective RPW gain and LoRa processing gain
and some other losses is given in below:

1) EFFECTIVE RPW GAIN
The performance advantage of a diversity scheme is two-
folds: diversity gain and array gain [40]. Diversity gain is
only defined under fading conditions and it corresponds to the
increase in the slope of BER versus CNR curve. Equivalently,
the difference between average output CNRof a diversity-less
system and that of a diversity system keeps on increasing
with increasing CNR [41]. Array gain, also called power
gain, is defined for AWGN channel as the increase in average
output CNR relative to the single branch average CNR [40].
These two gains provide an overall gain in the average output
CNR. Since noise is uncorrelated with the signal in our case,
we define effective RPW gain Gd as the ratio of average
output CNR of single branch ideal BPSK system to that of
RP-BPSK system for a given BER under Rayleigh fading
condition:

Gd =
0ideal

0f,min
, (52)

Here (·)d denotes gain on linear scale, and 0ideal is the
minimum CNR for ideal BPSK modulation on linear scale
to satisfy the stated conditions. Effective RPW gain is
controlled by setting the sampling ratio Np according to the
requirements. As indicated above in Fig. 4, for sampling ratio
of Np = 8 and BER of 10-5, 0f,min = 3 dB for RP-BPSK.
On the other hand, from the theoretical BER performance
of BPSK over fading channel, we find that 0ideal = 44 dB.
These values translate to effective RPW gain GD = 41 dB,
where capital subscript (·)D denotes gain in dB. Similarly,
it can be shown that for RP-16PSK, GD = 31 dB.

2) LoRa PROCESSING GAIN
The amount of spreading in LoRa depends on the ratio of chip
rate Rc to bit rate Rb. The processing gain Gp of LoRa [33]
on linear scale is computed by

Gp =
2SF

SF
. (53)

For the highest spreading factor (SF = 12), GP = 25.33 dB,
where (·)P denotes gain in dB.

In addition to the gains described above, the gateway (GW)
antenna gain GTX of 10 dB is also accounted in link budget
calculation [20]. Also, the obstruction losses and indoor
losses are taken into account as already discussed.

LOH = 69.55 + 26.16 log fc − 13.82 log hG − a(hD) +
[
44.9 − 6.55 log hG

]
log d − c (42)

a(hD) =

{
3.2[log (11.75hD)]2 − 4.97 for urban areas
1.1 log fc − 0.7hD − [1.56 log fc − 0.8] for suburban and rural areas

(43)

c =


4.78 (log fc)2 − 18.33 log fc + 40.94 for rural and open areas areas

2
[
log

(
fc
28

)]2
+ 5.4 for suburban areas

0 for urban areas

(44)
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FIGURE 8. RSS of RPW and LoRa in (a) Urban Areas (b) Suburban Areas
(c) Rural Areas.

After GD and GP are known, we replace GT = GD +GRX
for RPW, and GT = GP +GRX for LoRa into (51) to find the
link budget. The gains calculated above are listed in Table 1.

Two other losses have been considered in this paper
as miscellaneous losses LM . They are fixed obstruction
losses [2] often caused by obstructive terrains not tackled in
macrocell path loss models, and indoor penetration loss [20].
A loss of 20 dB on 868 MHz was used in [2]. Since
these losses are also frequency dependent, the same value
is taken into account for comparison of LoRa and RPW.
The latter includes the outdoor-indoor attenuation at building
boundaries and indoor obstruction losses. Indoor loss of 10,
20 and 30 dB was used in [20]. A 20 dB loss is selected in
this paper.

Fig. 8 shows RSS of RPW and LoRa in urban, suburban
and rural areas. We consider a reference distance of 100 m
(a typical Wi-Fi coverage fringe) to compare the values of
RPW and LoRa in the three environments. RSS of RP-16PSK
(Np = 8) is approximately 7 dB higher than LoRa (SF =

12). It can be observed that RSS of RP-BPSK (Np = 8)
is about 29 dB stronger than LoRa (SF = 12) for all three
environments. RP-BPSK (Np = 3) overtakes LoRa (SF = 7)
by 33 dB. However, RSS of both LoRa and RPW is improved
by 40 dB while going from urban to rural areas. Comparative
values of RSS are given in Table 2 for further reference.

E. RANGE
The maximum range of a communication system is the
distance it can cover with highest transmit power and
minimum RSS. Therefore, we replace RSS = σ in (51) and
solve for d to find the maximum range Rmax considering all
gains and losses discussed above:

Rmax = 10
Pt+GT+σ−y1+y2+kt−LX

bh (54)

FIGURE 9. Maximum Range of RPW and LoRa in (a) Urban Areas
(b) Suburban Areas (c) Rural Areas.

Here LX = LS + LF + LM is the total excess loss. This
equation is similar in form to the range equation given in [2],
but it presents a more accurate description of range with the
exponent accounting for some additional gains and losses.
Other parameters involved in (54) are defined [2] as

y1 = 69.55 + 26.16 log fc, y2 = 13.82 log hG,

kt = a (hD) + ct , bh = 44.9 − 6.55 log hG.

Fig. 9 shows comparative range of RPW and LoRa in
urban, suburban and rural areas. RP-16PSK (Np = 8) covers
longer range than LoRa (SF = 7), but shorter than both
RP-BPSK (Np = 3, 8) and LoRa (SF = 12). However, in all
three environments, RP-BPSK outperforms LoRa. With the
maximum transmit power of 14 dBm, the maximum range
achieved by RP-BPSK is 15 km in rural areas which is 5 km
longer than LoRa under the same propagation conditions. The
difference is relatively small in case of urban and suburban
areas. Compared to 0.8 km and 2.4 km range of LoRa in
urban and suburban areas, the maximum range of RP-BPSK
is 1.2 km and 3.5 km respectively. We conclude that the range
of RPW is at least 1.5 times higher than LoRa in general. The
overall range of RPW for worst case performance (Np = 3)
is at least four times longer than LoRa (SF = 12). More
values are given in Table 2 for an excessive comparison.
For validation, the results in Fig. 9 can be cross-checked for
agreement with [2]. For example, only antenna gain (9 dB)
on GW end is considered for LoRa in [2] with a sensitivity
of −137 dBm. However, we have considered the processing
gain GP = 25.33 dB in addition to GW antenna gain GRX =

10 dB, with a sensitivity of −140 dBm for LoRa. On the
other hand, the total excess loss of LoRa is contributed by
cable loss (3 dB), fixed obstacle loss (20 dB) and variable
obstacle loss (28.1 dB) in [2], while in this paper, we consider
shadowing margin (LS = 11.5 dB) for urban areas, fading
margin (LF = 21 dB), fixed obstacle loss (20 dB) and indoor
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TABLE 2. Comparison of link performance.

loss (20 dB) to find the maximum range of LoRa. This leads
to a significant advantage of 7.95 dB in LoRa received power
in this paper. Similar crosschecks can be performed to verify
the performance in suburban and rural areas.

V. SUMMARY OF RESULTS
In this subsection we summarize the comparative perfor-
mance of RPW and LoRa. Table 2 lists six aspects of
performance namely sensitivity, total path loss, link budget,
data rate, received signal strength, and range, spanning over
best- and worst-case values for three different propagation
environments. The primary advantage of LoRa is its higher
sensitivity than RPW, allowing more link budget. However,
it must be noted that LoRa has performance limitations
in multipath environment, therefore, more fade margin is
required to establish a successful communication link. It can
also be concluded that that RP-BPSK performs significantly
better than LoRa, while RP-16PSK can perform equivalent to
LoRa. In both cases, the bit rate of RPW is much higher than
LoRa. BER performance also shows that RPW outperforms
LoRa by a substantial margin, making it a robust and and
reliable LPWAN technology. Therefore, RPW is a more
viable solution for critical IoT applications that demand high
data rate and high reliability.

VI. CONCLUSION
This paper is the first performance comparison of LoRa
and the emerging RPW LPWAN over a point-to-point link
further categorized into urban, suburban, and rural scenarios.
Sensitivity, shadowing and fast fading margins for RPW
and LoRa are statistically estimated using known techniques
instead of empirical measurements. It can also be deduced
that the variation of SF in LoRa has a significant impact on
sensitivity, while varying Np has comparatively low impact
on sensitivity of RPW. Effective gain of RPW is defined and
computed from BER curve for link budget considerations.
Range of RPW and LoRa is determined and compared for
all three types of environment and was found to be in close
agreement with existing literature under given conditions.
Results have shown an overall advantage of RPW over LoRa
on a point-to-point link with a longer range.

Future works on this comparison include the coverage
analysis in remote areas and forests, spectral and energy
efficiency, and studying the effects of depolarization.

APPENDIX A DERIVATION OF QUATERNION RP-MPSK
SYMBOL
A dual-polarized transmitter transmits two complex symbols
sH and sV through HP and VP antennas, respectively, as

sH = aH + ι bH and sV = aV + ιbV ,

where (sH ⊥ sV ) and aH , bH , aV , bV ∈ R. Like the real and
imaginary parts of a complex number on a complex plane,
the resultant q of the above pair of constellations can be
represented as a quaternion [14]:

q = sH + jsV = aH + bH ι + aV j+ bV κ (55)

Equation (55) represents a quaternion or a three-dimensional
complex symbol, where ι, j, κ are hyper-complex numbers
having the following characteristics according to the defini-
tion of quaternion [14]:

ι2 = j2 = κ2
= ιjκ = −1

ιj = −jι = κ, jκ = −κj = ι, κι = −ικ = j

Equation (55) can be further generalized to describe an
arbitrary polarization state of a plane wave [14]. If the
polarization is rotated by an angle ϕ with respect to HP, the
new polarization state qϕ can be expressed as

qϕ = qejϕ = (sH + jsV ) (cosϕ + j sinϕ) (56)

Any change in polarization, e.g. due to polarization mismatch
or depolarization, will also appear as a factor in (56).

For RPW transmission, since two MPSK modulations are
performed side-by-side with a quadrature phase difference
as mentioned in Section II, the corresponding HP and VP
symbols to be transmitted at ith time instant satisfy the
condition sV = sHe(ιπ/2). Therefore, (55) takes the form

qi = si[1 + eιπ/2] = ai + biι − bij+ aiκ (57)

where si = ai + biι is the ith MPSK symbol, and qi is
the RP-MPSK symbol with initial polarization that rotates
through 2π radians in Np steps results in a vector gi[n] with
elements of the form (56), given below:

gi[n] = qie
j 2πnNp

APPENDIX B SIMPLIFIED EXPRESSION OF LoRa
EMPIRICAL BER
The empirical BER expression proposed by Elshabrawy and
Robert [29] is

Pb ≈
1
2
Q
(
−

√
2H2SF−1

)
−

1
2

√
2SF0

2SF0 + 1
exp

(
2H2SF−1

2
(
2SF0 + 1

))

×Q

√2SF0 + 1
2SF0

[
−

√
2H2SF−1 +

√
2H2SF−1

2SF0 + 1

]
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where H2SF−1 ≈ ln 2SF − 1 +
1

2(2SF−1)
+ 0.57722. Let

a ≈ 2 ln
(
2SF − 1

)
+

1
(2SF − 1)

+ 1.15444

b = 2SF · 0

So that we can rewrite as

Pb =
1
2
Q(−

√
a) −

1
2

√
b

b+ 1
exp

(
−

a
2(b+ 1)

)
×Q

(√
b+ 1
b

[
−

√
a+

√
a

b+ 1

])
Simplification of the argument of secondQ(·) function results
in

Pb,fad =
1
2
Q
(
−

√
a
)
−

1
2
exp

(
−a

2[b+ 1]

)
×

√
b

b+ 1
Q

(
−

√
ab

b+ 1

)
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