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Abstract—Satellite Internet of Things (Sat-IoT) is a novel
framework in which satellites integrate sensing, communication
and computing capabilities to carry out task-oriented commu-
nications. In this paper we propose to use the Long Range
(LoRa) modulation for the purpose of estimation in a Sat-IoT
scenario. Then we realize that the collisions generated by LoRa
can be harnessed in an Over-the-Air Computing (AirComp)
framework. Specifically, we propose to use LoRa for Type-based
Multiple Access (TBMA), a semantic-aware scheme in which
communication resources are assigned to different parameters,
not users. Our experimental results show that LoRa-TBMA is
suitable as a massive access scheme, provides large gains in
terms of mean squared error (MSE) and saves scarce satellite
communication resources (i.e., power, latency and bandwidth)
with respect to orthogonal multiple access schemes. We also
analyze the satellite scenarios that could take advantage of the
LoRa-TBMA scheme. In summary, that angular modulations,
which are very useful in satellite communications, can also benefit
from AirComp.

I. INTRODUCTION

The future 6G (6th Generation) communication is expected
to integrate the terrestrial systems and non-terrestrial satellite
constellations seamlessly, which is known as a 3D wireless
architecture. Low Earth Orbit (LEO) satellite networks will co-
ordinate joint sensing, communication and computing capabil-
ities. The sensing capabilities (or terrestrial IoT devices) allow
the satellites to gather data and the computational resources
allow to reduce the communication and computational burden
on the ground segment. This paradigm is called Satellite
Internet of Things (Sat-IoT), which provide the envisioned
Intelligence as a Service in the future 6G networks [1], [2].

The consideration of joint communication and computing
schemes leads to the development of task-oriented communi-
cations, this is, communicating to accomplish the goal of a
certain task, and not for the sake of transmitting information
reliably [3]. Semantic communications is an intimately related
topic, in which the transmitted information is designed accord-
ing to the meaning of the information with respect to a given
task [4].

The goal of the present paper is to use the Long Range
(LoRa) modulation [5] for the purpose of estimation in Sat-
IoT. In our previous work [6] we developed DCT-FM, a
modulation for the task of estimation and function approxi-
mation through a communication channel. By exploiting the
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Discrete Cosine Transform (DCT) to design the waveform and
approximate the mathematical function, this results in a low
cost and high precision scheme in terms of communication and
computing. Specifically, we note that LoRa can be derived as
a DCT-FM for computing. This modulation is suitable for the
satellite environment and complies with the requirements of
satellite communications: stringent energy constraints, limited
Line of Sight (LoS) transmission, high Doppler shift, etc.

Then we generalize the estimation problem for multiple
users. In this respect, the collisions generated by LoRa in
the simultaneous transmission of the same information can
be leveraged as an scheme that takes advantage of an Over-
the-Air computing (AirComp) access scheme [3]. Particularly,
LoRa is suitable for implementing Type-based Multiple Access
(TBMA), a semantic-aware scheme that allows the receiver to
estimate a parameter from the concurrent transmission of dis-
tributed noisy observations [7]. TBMA is suitable for semantic
communications, as it assigns resources according to how
informative the datum of a transmitter is with respect to all the
other data. In this respect, TBMA relies on AirComp and it
inherits efficiency in terms of power, latency and bandwidth.
Constant envelope modulations, such as LoRa, are very useful
in satellite communications. This paper innovates showing that
these modulations can also benefit from an AirComp access.
Finally, we present the scenarios under which TBMA may
be useful in the satellite environment and provide experiments
evincing that the performance of TBMA is substantially better
with respect to orthogonal schemes in terms of mean squared
error (MSE) and resource consumption.

The remaining part of the paper proceeds as follows: Section
II introduces the system model and the LoRa modulation
for estimation. Then, section III focuses on multiple users
and proposes LoRa-TBMA for estimation. Finally, Section IV
complements the theoretical analysis with experimental results
and Section V concludes the paper.

II. FREQUENCY MODULATION FOR COMPUTING

A. System Model

Consider a signal x(t), which remains constant over an
observation time T . For instance, T may be associated to the
changing nature of a parameter in a sensing environment or the
time it takes to process data in a computation scenario. Thus,
throughout the rest of the paper we drop the time index and
work with x. In a point-to-point setting, we consider that the
transmitter acquires x and, using an analog-to-digital converter
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(ADC), rounds it to the nearest integer: Q : x → m, this is,
m ∈ [0, N − 1] ⊂ N. Throughout the rest of the paper we
refer to m as the measurement.

The goal of the system is to estimate a parameter θ from
the measurement. As in our previous work, we focus on
computing a function θ = f(m). We refer the reader to [6] for
a description of the functions that are suitable for this scenario.
The transmitter modulates the datum m and sends it over the
channel, which is modelled as a large scale fading h. Note
that these scenarios (inter-satellite and ground-space links)
comprise LoS propagation with free space path loss and other
sources of ground-space losses (e.g., atmospheric absorption,
rain attenuation, polarization, etc.), but not multipath. The
noise w has spectral density equal to No/2 [W/Hz]. At the
receiver side, demodulation allows to recover m, which is
processed to obtain an estimate of the function f̂(m). The
performance of the system is measured in terms of the mean
MSE between the original function and the reconstruction, as
it will be formulated later on.

In this work we consider a low-pass equivalent and discrete-
time model. In this respect, the bandwidth of signal x is
W = 1/T and we choose a sampling frequency of fs = N/T ,
delivering N ≥ 2 samples per measurement.

B. DCT-FM: A Modulation for Computing

In [6] we presented the following baseband modulation,

zag[n] = Ac

√
2

N

∑
k∈K

Fk cos

(
πk(2m+ 1)

2N
n

)
, (1)

for n = 0, . . . , N−1, where Ac is the amplitude of the carrier,
Fk are the DCT coefficients for k ∈ K. This expression comes
from the inverse DCT (iDCT), incorporating a time index n.
By computing the DCT of zag in the time domain (i.e., index
n) the receiver obtains the noisy coefficients F̃k, from which
it can recover both the measurement m and reconstruct the
function f̂(m). We refer the reader to our previous work for
the details in signal demodulation and how to estimate the
function [6].

In the context of satellite communications this modulation
does not reveal good properties that adapt to the communica-
tion channel. Mainly because it is not only a frequency, but
also an amplitude modulation where the tones decay very fast
(around 12 dB per coefficient). Therefore, this modulation is
not suited for large attenuation channels as in satellite systems.
In this respect we provide the following variation of (1):

z[n] = Ac

√
2

N
cos

(
π(2m+ 1)

2N
n

)
, (2)

for n = 0, . . . , N − 1. Notice that (2) corresponds to (1)
restricted to one tone and with no data regarding the DCT co-
efficients. The receiver can only demodulate the measurement
m and compute the desired function using the corresponding
DCT approximation. Nevertheless, it is reasonable to assume
that the receiver knows the function f , since it is generally the
one requesting the communication. Notice that (2) corresponds

to the LoRa modulation (see [5]) using the DCT and not DFT
basis.

After downconversion, filtering at Bmax
z = W (2N − 1)/4

and sampling at fs, the signal at the input of the receiver is

y[n] = hz[n] + w[n] for n = 0, . . . , N − 1, (3)

where w corresponds to complex AWGN samples. We con-
sider perfect carrier and phase synchronization at downconver-
sion so that y[n] ∈ R. The demodulation process is the same as
for (1), this is, computing the DCT in the time domain, which
allows to recover an estimate of the measurement m̂. Since it
corresponds to an M -ary Frequency Shift Keying (FSK) with
M = N , the error in detecting m can be approximated as

Pe ≈ (N − 1)Q

√A2
c |h|2
No

 (4)

The performance in terms of MSE is intimately related to
the error probability in (4), and formulated as

MSE(f,K) =
1

N

∑
k ̸∈K

F 2
k + Pe

N−1∑
m=0

|f(m)− f(m̂)|2 (5)

The first term corresponds to the DCT approximation error,
this is, the sum-power of the discarded coefficients. The
second one corresponds to the MSE when the measurement is
incorrectly estimated (m̂ ̸= m), which is why it is weighted
by the probability of miss-detection in M -ary FSK. This
approximation is correct provided that K is sufficiently large.
Notice that the first term is controlled by the receiver at the
desired degree of accuracy and vanishes very fast due to the
energy compaction property of the DCT.

The communication properties of the LoRa modulation are
highly convenient for the satellite context. From an implemen-
tation perspective, (2) reduces the complexity at the transmitter
with respect to (1), since the modulation only requires an FSK
modulator and an ADC, which is already present in any sensor
hardware. The transmission of a single frequency makes it a
constant envelope modulation, which is bandwidth efficient.
While the channel phase must be synchronized at the receiver,
the transmitter does not need channel state information (CSIT)
because the amplitude variations due to fading do not convey
any loss of information. In this sense, it is also insensitive
to amplitude variations regardless of the Doppler spread gen-
erated by high velocities of LEOs. In addition, the constant
envelope is very welcome in satellite communications due to
the use of high power amplifiers. Overall, its low complexity
adapts very well to IoT and Sat-IoT frameworks, which incur
very tight delay and energy constraints.

C. Chirp Spread Spectrum

LEO satellites are a promising approach for communicating
with IoT devices in remote areas, as they allow to provide
global coverage with reduced delays and losses. Nevertheless,
ground to space communications exhibit severe channel degra-
dation and IoT devices display tight energy constraints. In
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this respect, the LoRa modulation has gain relevance in its
adaptability in IoT to satellite communications [8]. It consists
in an M -ary FSK coupled with a chirp spread spectrum
(CSS) technique that allows to spread a narrowband signal
over a wide bandwidth. This technique allows to develop
long range communications while severely improving the
receiver sensitivity by 20 dB. In the context of inter-satellite
communications implementing the LoRa modulation allows
to reduce the energy consumption and diminish the effect of
interferences to other satellites. Besides, it has been shown that
the LoRa modulation provides high immunity to the Doppler
effect generated by high speeds of LEO satellites [9].

Consider the analytical signal of z[n] in (2):

zan[n] = Ac

√
2

N
exp

(
j
π(2m+ 1)

2N
n

)
(6)

The corresponding instantaneous frequency can be lin-
earized by adding a term that increases with n:

fLoRa[n;m] =
2m+ 1

4N
+

fmod

2N
n, (7)

where fmod allows to control the spreading factor of the
chirped signal. To generate such a waveform, (6) is multiplied
by a chirp signal as

zLoRa[n] = zan[n] exp

(
j
πfmod

N
n2

)
, (8)

Using this technique, the instantaneous frequency swipes
over fmod/2, which is not exact, but approximately the band-
width occupied for N ≥ 8 [5].

III. LORA FOR TYPE-BASED MULTIPLE ACCESS

Consider the scenario depicted in Fig. 1, in which a set of
L sensors monitor a continuous random variable X with a
probability density function (pdf) in the domain [0, N − 1] ⊂
R. Each sensor l gathers a realization and quantizes it, yielding
the measurement ml. Assuming a sufficiently large N , the
probability mass function (pmf) generated over [0, N−1] ⊂ N
corresponds to the pdf. The pmf is pθ ∈ RN , where θ ∈ Θ
parameterizes the pdf and Θ ⊂ R is the parameter space. The
goal of the communication system is to provide a modulation
that allows to obtain an estimate of the parameter θ̂ at the
receiver.

One straightforward approach is to allocate orthogonal
resources, which allows to recover all the noisy measurements
at the receiver. Nevertheless, this procedure is not task-oriented
and does not consider the semantic information in the data
to optimize the resource utilization. For instance, using Time
Division Multiple Access (TDMA) may be inadequate because
the total transmission time scales with the number of sensors,
but the LoS window for the satellite is limited.

An alternative for a massive access could be Non Orthogo-
nal Multiple Access (NOMA), which has been considered in
5G and beyond. This access presents a high spectral efficiency
if there is a proper power allocation and/or clustering at the
transmitters, together with sequential interference cancelling

at the receivers. However, as we are interested in computing a
task rather than receiving information separatedly and reliably,
we can avoid some of the requirements of NOMA, yet
keeping the spectral efficiency gains due to the superimposed
transmission of signals.

We propose using the LoRa modulation. The signal at the
input of the receiver signal is

y[n] =

L∑
l=1

Achlzl[n] + w[n], (9)

where

zl[n] = Ac

√
2

N
cos

(
π(2ml + 1)

2N
n

)
(10)

is the waveform transmitted by user l, namely expression
(2) with measurement ml. For the sake of simplicity assume
synchronization and a perfect channel (hl = 1). At the receiver
side, after computing the DCT the signal and normalizing by
1/AcL, it results in:

r =
1

L
[L0, . . . , LN−1]

T + [w̃0, . . . , w̃N−1]
T = p̃θ + w̃, (11)

where p̃θ ∈ RN a vector whose n-th entry corresponds to the
number of users Ln that transmitted the measurement n and
w̃n is Gaussian noise with power σ2 = N0/2A

2
cL

2. Provided
that L > N , the measurements ml are not necessarily different
and r corresponds to a nosy version of the empirical measure
p̃θ.

In fact, the modulation presented in this work is a particular
case of TBMA [7], a semantic-aware multiple-access scheme
in which orthogonal resources are only assigned to users
whose data is informative; otherwise, when data is redundant,
it falls under the same communication resource. In other
words, resources are assigned to measurements, not users.
In this respect, notice that TBMA relies on Over-the-air
computing (AirComp) [3] as the concurrent transmission is
exploited for all the transmitters that have the same measure-
ment m. It harnesses interferences in a semantic approach in
order to provide information at the receiver without the need
of assigning orthogonal resources. AirComp provides a gain
not perceived by orthogonal multiple access schemes that is
proportional to the number of users, as the noise power in (11)
decreases with L2. Also, inherited from AirComp, TBMA is
a bandwidth efficient scheme, since the number of orthogonal
resources is upper bounded by N , while an orthogonal scheme
scales linearly with the number of users.

In [7] it is shown that under perfect channel, r converges in
probability to pθ. This is, the empirical measure is a sufficient
statistic of the random variable X and the parameter θ can be
estimated without loss of information. For large L, which can
be assumed in an IoT scenario, the density of the first N − 1
samples of r is proportional to

g(r(0), . . . , r(N − 2)) ∝ exp

(
−L

2

N−1∑
n=0

(pθ(n)− r(n))2

pθ(n)

)
,

(12)
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Fig. 1: Multiple Access scheme for parameter estimation and function computation.

where r(n) and pθ(n) are the n-th components of r and pθ,
respectively. The Maximum Likelihood estimator of a Gaus-
sian distribution can be found in a closed-form expression,
which is shown in (13). Notice that this expression only holds
for large L and, thus, it corresponds to an asymptotic version
of the ML estimator.

θ̂ = argmin
θ∈Θ

N−1∑
n=0

(pθ(n)− r(n))2

pθ(n)
(13)

A. Satellite Scenarios for TBMA

In the following we motivate three different cases in which
TBMA can be useful:

• Satellite Uplink: A set of ground IoT devices can com-
municate with a LEO when a ground infrastructure is not
available. For a massive amount of devices, a classical
orthogonal multiple access scheme is not suitable because
the number of resources increases with the number of
devices. For instance, FDMA incurs in large bandwidth
consumption, while TDMA may be unattainable under
the limited LoS window. There exist works in the litera-
ture that resort to NOMA altough they require complex
receivers, which resort either to sequential interference
canceller (SIC) or to spatial diversity multiple access
(SDMA) [10], to separate the simultaneously received
signals. In this way, the semantic nature of TBMA
conveys bandwidth and energy efficiency.

• Satellite Downlink: For some constellation deployments
several LEOs can perform LoS transmission simultane-
ously [11]. As in the uplink scenario, TBMA is advisable
in order to reduce energy consumption and induce smaller
delays.

• Inter-satellite links: In a Sat-IoT environment, LEOs can
form a hierarchical computing structure [12]. Similarly,
when a swarm of satellites cannot communicate with a
ground station due to lack of LoS, another satellite from
a different orbit (e.g., GEO) can be used as a relay node.

For either inter- and intra-orbit cases, inter-satellite link
communications can incorporate TBMA to reduce the
processing load towards the receiver.

IV. NUMERICAL RESULTS

A. Experimental setup

While it has been discussed its advantages in terms of delay
and bandwidth requirements, in here we provide experimental
evidence that LoRa-TBMA outperforms orthogonal schemes
in task-related goals. We explore the performance of TBMA in
terms of L, as the number of users that the Sat-IoT scenarios
can handle differs: while the uplink can support thousands of
sensors, the downlink may handle up to 10 simultaneous LEOs
[11].

We consider the problem of estimating a distribution and
its mean, specifically, a Gaussian random process. In TBMA
the receiver knows the variance and uses the asymptotic
ML estimator from (13). Notice that the estimation may be
conducted in parallel for all the parameter space, i.e. Θ =
[0, N−1]. We assume perfect time and phase synchronization.
As a benchmark we choose Time Division Multiple Access
(TDMA), although any orthogonal scheme is identical in
terms of performance. In TDMA, each transmitters sends its
measurement using the LoRa modulation in a different time
slot and the receiver computes the ML estimator (i.e., the
empirical mean).

B. Satellite Channel

For all the three scenarios we assume that the LoS compo-
nent is dominant, reinforced by the robustness of the chirp to
multipath. We consider only the path loss, while the Doppler
is compensated. The signal to noise ratio (SNR) observed at
the input of the receiver due to transmitter l is

γl =
Ptx,l h

2
l

σ2
=

Ptx,lGtx Grx

al σ2
, (14)
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Fig. 2: Normalized MSE in estimating the mean of a ran-
dom Gaussian process with TBMA and TDMA for L =
{10, 100, 1000} users for the different scenarios. In vertical
dotted lines the working SNR for the different scenarios are
indicated.

where Ptx,l = A2
c,l/N is the transmitted power of (2), al is

its corresponding path loss, Gtx and Grx are the transmitter
and receiver antenna gains, and σ2 is the noise power. The
configuration for the scenarios is set according to [13]: The
constellation is deployed at 600 km, only satellites implement
an array providing a gain of 15 dB; the carrier frequency is set
to 915 MHz with a bandwidth of 500 KHz; we assume 3 dB
for atmospheric, polarization and pointing losses, the latter in
directional antennas. These configurations result in the SNR
depicted in Fig. 2 for the uplink (UL), downlink (DL), LEO
inter-satellite (ISL-LEO) and GEO inter-satellite (ISL-GEO).

C. Performance analysis

Fig. 2 shows the normalized MSE of TBMA and TDMA for
L = {10, 100, 1000} transmitters and N = 256. As expected,
TBMA exhibits a gain that increases with the number of
transmitters L, while TDMA does not. While TBMA always
provide a gain in delay due to AirComp (i.e., reducing the
delay by a factor of L), it also enables to reduce the transmitted
power for a large L. This allows to remain above the sensitivity
of the LoRa receiver and work at a smaller SNR than the
one depicted in Fig. 2. All that without compromising the
MSE. Fig. 3 shows the KL divergence with respect to the true
distribution for an increasing number of users. When more
users are available, the received distribution approaches the
true and better estimations can be computed from the data.

V. CONCLUSIONS

In this paper we propose to use the LoRa modulation for the
purpose of estimation in Sat-IoT. It shows that angular mod-
ulations, which are very useful in satellite communications,
can also benefit from AirComp. Specifically, we proposed to
develop a LoRa-TBMA scheme, which allows to estimate a
parameter of distributed measurements by exploiting the se-
mantics of the data. The experimental results demonstrate the
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Fig. 3: KL divergence with respect to the true Gaussian
Distribution with respect to the number of users in the 4
satellite scenarios.

gains of LoRa-TBMA in terms of communication resources
(i.e., delay, bandwidth and power), while outperforming or-
thogonal schemes in task-oriented communications.
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