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MIMO-LoRa for High-Data-Rate IoT: Concept and Precoding Design
Jae-Mo Kang , Member, IEEE

Abstract—Long range (LoRa) is a widely adopted modulation scheme
for Internet of Things (IoT), but its data rate is low. To tackle this
problem, in this letter, we introduce a novel concept of MIMO-LoRa:
an integration of multiple-input multiple-output (MIMO) and LoRa for
achieving high data rates. We also design a precoding for the proposed
MIMO-LoRa system to further enhance the link reliability. The validity
and effectiveness of the proposed MIMO-LoRa system are demonstrated
through numerical simulations.

Index Terms—Internet of Things (IoT), long range (LoRa),
multiple-input multiple-output (MIMO), precoding.

I. INTRODUCTION

Long range (LoRa), which is based on a chirp spread spectrum,
has become one of the most popular and widely adopted solutions
globally among low-power wide-area network (LPWAN) technolo-
gies developed for Internet of Things (IoT) [1]. Although the LoRa
provides extensive coverage areas (up to a few 10 km), its data rate
is low, which is a fatal drawback to supporting several important
IoT applications requiring high data rates (such as emergent cases,
multimedia IoT systems, video streaming, disaster monitoring, etc.).

Meanwhile, multi-antenna technologies have the outstanding capa-
bility to increase throughput and improve link reliability [2]. Thus,
these technologies can provide great potential for LoRa. In the liter-
ature, such as in [3] and [4], multi-antenna technologies have been
utilized in LoRa systems, but aimed only at enhancing the link reli-
ability. Thus, the data rates of such LoRa systems are still low to
support the high-data-rate IoT applications.

With the aim of breaking through such limitation, in this letter, we
develop a novel integration of multiple-input multiple-output (MIMO)
and LoRa system, namely, the MIMO-LoRa system, to achieve high
data rates.1 Two MIMO-LoRa system architectures are proposed: one
with no precoding and the other with precoding. The former signif-
icantly increases the data rate of the LoRa modulation, while the
latter balances between the data rate and link reliability. In addition,
we demonstrate the superior performance and effectiveness of the
proposed MIMO-LoRa systems through numerical results.

II. MIMO-LORA

We consider a point-to-point MIMO wireless communication link
adopting the LoRa modulation. Suppose that a transmitter and a
receiver are equipped M and L antennas, respectively.2 The proposed
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1In [5], a non-MIMO technique has been developed to increase the data

rate of the LoRa modulation, but the improvement is quite marginal even
compared to the conventional LoRa system as shown in Table I.

2To save the power of IoT devices, the proposed MIMO-LoRa system can
be operated only over a short time period or opportunistically.

Fig. 1. System model of MIMO-LoRa.

TABLE I
NUMBER OF INFORMATION BITS OF VARIOUS LORA SYSTEMS

MIMO-LoRa system is depicted in Fig. 1, which works as follows.
Each transmit antenna carries a LoRa signal modulated with its own
information symbol. To avoid interference among the LoRa signals,
we choose different spreading factors (SFs) for the LoRa signals
of different transmit antennas (although our analysis can be easily
extended to the case when some of the LoRa signals have the same
SF). Let SFi be the SF used by the ith transmit antenna and suppose
that SF1 > SF2 > · · · > SFM . Then, the LoRa signal transmitted
through the ith transmit antenna over N � 2SF1 time slots can be
expressed as [6]

xi(n) = e
j2π

[(
si
N − 1

2

)
n+ n2

2N

]
, n = 0, 1, . . . , N − 1 (1)

where si ∈ {0, 1, . . . , 2SFi} is the information symbol. The received
signal at the receiver is then given by

Y = HX + W (2)

where H ∈ C
L×M is the MIMO channel matrix and W ∈ C

L×N

denotes the received noise matrix whose elements are identically and
independently distributed with zero mean and variance σ 2. Also3

X =
⎡
⎢⎣

x1(0) x1(1) · · · x1(N − 1)
...

...
. . .

...

xM(0) xM(1) · · · xM(N − 1)

⎤
⎥⎦ ∈ C

M×N . (3)

As shown in Table I,4 the proposed MIMO-LoRa systems trans-
fer more information bits (thus achieving a higher data rate) than
the conventional LoRa system and the non-MIMO technique in [5]
thanks to the use of multiple antennas. For example, when M = 2,
SF1 = 12, and SF2 = 11, the conventional LoRa system carries 12
bits and the non-MIMO LoRa technique in [5] carries 13 bits, whereas
the proposed MIMO-LoRa system conveys 23 bits (i.e., almost twice
larger). For the MIMO-LoRa system with precoding, which will be
presented in the next section, the number of information bits trans-
ferred is slightly reduced since m ≤ M in general. The reduction
depends on the channel condition and transmit power constraints.
However, the link reliability [e.g., bit error rate (BER)] is substantially
enhanced.

3For synchronous transmission and high diversity gain, we form the trans-
mission matrix X as in (3) such that the transmitted LoRa signals last for the
same N time slots via proper signal repetitions. One can also construct X to
accommodate the transmitted LoRa signals occupying different time slots.

4In LoRa modulation, the SF value denotes the number of information bits.
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III. PRECODING DESIGN

The input–output relationship of the precoded MIMO-LoRa
system is

Y = HFX + W (4)

where F ∈ C
M×M denotes the precoding matrix. The

received signal-to-noise-ratio (SNR) can be derived as
[(E[‖HFX‖2

F])/(E[‖W‖2
F])] ≈ [(Tr(FHHHHF))/(MNσ 2)], where

we have used the fact that E[XXH] ≈ I [7].5 Let us define
G � FFH . We aim to design a precoding matrix F (or equivalently,
to optimize the value of G) to maximize the received SNR with total
transmit power constraint and peak (or elemental) power constraint
as follows:

(P1) : maximize
G

Tr
(

GHHH
)

(5)

subject to Tr(G) ≤ α (6)

λmax(G) ≤ β (7)

where λmax(·) denotes the largest eigenvalue. Also, α and β denote
thresholds for the total transmit power and peak power, respectively.

Let us denote the eigenvalue decomposition of HHH by HHH =
U�UH , where U ∈ C

M×r is a semiunitary matrix with UHU = I
and � = diag(λ1, λ2, . . . , λr) is a diagonal matrix with λ1 ≥ λ2 ≥
· · · ≥ λr > 0. Also, r � rank(HHH). Let γ1 ≥ · · · ≥ γM ≥ 0 denote
the eigenvalues of G. Then, since Tr(GHHH) ≤ ∑r

i=1 λiγi [8], the
optimal G to problem (P1) must take the following form6:

G = U	UH (8)

where 	 = diag(γ1, . . . , γr), that is, γr+1 = · · · = γM = 0.
Consequently, (P1) becomes the following scalar optimization
problem:

(P2) : maximize
γ1≥···≥γr

r∑

i=1

λiγi (9)

subject to
r∑

i=1

γi ≤ P, γ1 ≤ β. (10)

Using the Lagrange multiplier method, it can be shown that the
solution to problem (P2) is given by

1) For q < r

γ1 = · · · = γq = β, γq+1 = α − qβ

γq+2 = · · · = γr = 0 (11a)

where q is the largest integer not exceeding α
β , i.e., q = �α/β�.

2) For q ≥ r

γ1 = · · · = γr = β. (12a)

Once the solution to (P1) is obtained by (8) and (11), the correspond-
ing optimal precoding matrix can be determined as

F = [
U 0

]
diag (γ1, . . . , γm, 0, . . . , 0) (13)

where m = q + 1 if q < r and m = r otherwise. This means that
only m transmit antennas out of M ones need to be active, and thus,
total

∑m
i=1 SFi bits can be transferred simultaneously.

IV. SIMULATION RESULTS

In simulations, we consider a MIMO-LoRa system with
M = L = 3, SF1 = 12, SF2 = 11, and SF3 = 10. The elements
of the MIMO channel matrix H (resp., the received noise matrix W)

5This property is valid in many cases and also enables a low design
complexity with negligible performance loss in practice [2].

6This requires the channel estimation in practice with very little power
consumption of IoT devices.

Fig. 2. BER and effective data rate versus SNR when M = L = 3, SF1 = 12,
SF2 = 11, SF3 = 10, B = 500 kHz, α = 1, β = 0.6, and r ∈ {1, 3}.

Fig. 3. BER and effective data rate versus β when the SNR is 0 dB, where
the other parameters are set to be the same as those in Fig. 2.

are generated randomly according to the circularly symmetric com-
plex Gaussian distribution with zero mean and unit variance (resp.,
variance σ 2). The SNR is defined as (α/σ 2). The bandwidth is set
to B = 500 kHz.

Fig. 2 shows the performance of the various LoRa systems ver-
sus the SNR for different values of r when α = 1 and β = 0.6. It
can be observed that the proposed MIMO-LoRa systems significantly
outperform the conventional LoRa system in terms of BER and effec-
tive data rate. The performance of the proposed MIMO-LoRa system
with precoding relies on the channel condition (whereas the other
two systems do not). Specifically, the performance improves when
the channel is ill-conditioned, because much power can be allocated
to LoRa signals exposed to better propagation environments.

In Fig. 3, the performance of the various LoRa systems is shown
as a function of β when the SNR is 0 dB. As can be seen
from Fig. 3, when the channel is ill-conditioned, the performance
of the proposed MIMO-LoRa system with precoding improves as
β increases; whereas, when the channel is well-conditioned, the
performance improves and then degrades, meaning that there exists
the optimal operating point with respect to β.

V. CONCLUSION

A novel MIMO-LoRa system has been introduced for high-data-
rate IoT and the received SNR-maximizing precoding has also been
designed to enhance the BER performance of the proposed system.
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