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Time-Delay-Estimation-Liked Detection Algorithm for
LoRa Signals Over Multipath Channels

Yurong Guo and Zujun Liu

Abstract—LoRa promises long range reliable communication
for the Internet of Things (IoT). However, multipath fading
severely affects LoRa’s BER performance. In this letter, we pro-
pose a simple detection algorithm for the frame-based LoRa PHY
signals mainly composed of a preamble and a variable-length
PHY-payload. We first prove that detecting the frame-based
LoRa signals over multipath fading channels can be formu-
lated as a Time-delay-estimation (TDE)-liked problem. Based
on this, a cyclic cross-correlation implemented by a matched
filter is utilized to detect the LoRa signals. Additionally, the
proposed TDE-liked detection algorithm is insensitive to the inte-
ger frequency offset due to the nature of implying a differential
operation. The simulation results indicate that, the proposed algo-
rithm significantly outperforms the existing detection algorithms
for the LoRa signals over multipath fading channels. Under the
multipath fading channel, the BER performance of the proposed
algorithm is slightly inferior to that in the AWGN channel while
the existing scheme fails to work.

Index Terms—LoRa, Internet of Things (IoT), cross-
correlation, multipath channels.

I. INTRODUCTION

L oRa is an attractive Low Power Wide Area Network
(LPWAN) physical layer technology and promises long

range low power communication for the Internet of Things
(IoT) [1], [2]. LoRa modulation is based on chirp spread spec-
trum (CSS), where the chirp modulation rates depends on the
spreading factors [3], [4].

LoRa signals use the initial phase of a CSS signal to carry
information, so it is also recognized as a frequency shift chirp
modulation (FSCM) [5]. For detecting LoRa signals, the exist-
ing scheme adopts the direct non-coherent detection algorithm
(DNC) [5]–[8]. However, many works show that LoRa’s BER
performance will decline dramatically over multipath fading
channels. For instance, compared with the performance under
the AWGN channel, LoRa signals would suffer from 3dB
performance loss over a 2-path fading channel [5] and a
performance degradation over 20dB will occur under Rayleigh
fading channels when BER = 10−3 [6]. The measurement
study also finds that the performance loss under non-line-of-
sight (NLOS) environments is severely affected [9]. Therefore,
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LoRa is incapable of supporting its promising long range
communication in urban environment [6].

To resist the multipath fading, a frequency domain equal-
ization (FDE) before dechirping has been proposed for the
CSS system [10]. However, due to the low SNR regime of
interests and the noise amplification, FDE cannot effectively
address the issue of LoRa signals over the multipath chan-
nels. Based on the fact that a LoRa PHY frame is generally
composed of a preamble and a PHY payload carrying the
messages [11], we propose a simple detection algorithm to
overcome the severe negative influence caused by multipath
fading. We first formulate detecting the frame-based LoRa
signals as a time-delay-estimation (TDE)-liked problem. And
then we adopt the cyclic cross-correlation implemented by
a matched filter to detect LoRa signals. Through simula-
tions, the proposed TDE-liked detection algorithm shows a
significant BER performance gain and promises high reli-
able communication for LoRa signals over multipath fading
channels.

II. SYSTEM MODEL

The basis chirp signal in analog form is written by [12]

c(t) = ej2π
∫ t
0 f (t)d(t) = e

j2π· t2
2
· B
Ts (1)

where 0 ≤ t < Ts , B is the signal bandwidth and Ts is the
chirp symbol period. The frequency of the continuous-time
basis chirp signal is f (t) = t

Ts
· B .

After sampling, the basis chirp signal in discrete-form is
given as

c(kT ) =
1√
2SF

e
j2π

(kT)2

2
B
Ts =

1√
2SF

e
π k2

2SF (2)

where T = 1
B represents the sampling interval and Ts =

2SFT is the chirp symbol period. The value of k ranges from
0 to 2SF −1 where SF ∈ {7, 8, 9, . . . , 12} is the spread factor.

The modulated basic chirp with the modulation information
p is given by [12]

c(kT , p) =
1√
2SF

e
jπ[(p+k)mod 2SF ]2 1

2SF (3)

where p ∈ {0, 1, . . . , 2SF − 1} is a non-negative integer
number converted from SF binary information bits.

In order to ensure the phase continuity between the conse-
quent chirp symbols, we slightly modified the LoRa modula-

tion signal by introducing a phase of e−jπ p2

2SF as

c(kT , p) =
1√
2SF

e
jπ[(p+k)mod2SF ]2 1

2SF · e−jπ p2

2SF (4)
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It can be easily obtained that, for arbitrary (p + k) ∈ N+,
Eq. (4) can be simplified to

c(kT , p) =
1√
2SF

e
jπ(k2+2pk) 1

2SF (5)

Here we assume that the multipath fading channel denoted
by h(k) has L paths and is of block fading, i.e., h(k) keeps
invariant within a LoRa PHY frame. Then, the received signal
over h(k) is written by

r(p, kT ) = c(p, kT )⊗ h(kT ) + n(p, kT ) (6)

where ⊗ is convolution operation and n(p, kT) is the additive
white Gaussian noise.

For LoRa demodulation, the existing widely used scheme
is the DNC detection [5]–[8]. To be more specific, it firstly
executes the inner product as

y(q) = 〈r(p, kT ), c(q , kT )〉

=
2SF−1∑

k=0

r(p, kT ) · c∗(q , kT )

=

2SF−1∑

k=0

r(p, kT )e
−jπ k2

2SF
1√
2SF

e
−j2πqk 1

2SF (7)

where <> depicts the inner product operation and q ∈
{0, 1, . . . , 2SF − 1} depicts the index of candidate reference
symbols.

From (7), the inner product process consists of two steps:
the sample-based multiplying the received signal by the

local down-chirp e
−jπ k2

2SF (i.e., dechirp) and taking Discrete
Fourier Transform (DFT) on the dechirped signal. Hereafter,
the detection of LoRa symbols reverts to selecting the index
of the DFT output that exhibits the highest magnitude, i.e.,

p̂ = argmax
q

(|y(q)|) (8)

where q can also be viewed as the index of the DFT outputs
in frequency domain.

III. TDE-LIKED DETECTION ALGORITHM FOR THE

FRAME-BASED LORA SIGNALS

A LoRa PHY frame is mainly composed of a preamble
and a variable-length payload. The preamble contains several
unmodulated CSS symbols and the payload contains several
modulated CSS symbols. In this section, we will propose
a TDE-liked detection algorithm for the frame-based LoRa
signals over multipath channels and utilize the cyclic cross
correlation to detect the message.

A. TDE-Liked Detection Problem Formulation

For the sake of discussion, here we refer to the DNC demod-
ulation as the process including the inner production given in
(7) (dechirp and DFT) and taking modulus on the output of
the inner production.

Proposition I: After performing the DNC demodulation
on the frame-based LoRa signals over multipath channels,
detecting the information p can be formulated as a TDE-liked
problem.

Proof: Performing the inner product between the received
LoRa payload signal r(p, kT) and the basis chirp signal is
given by

y1(q) = 〈r(p, kT ), c(q, kT )〉

=
1√
2SF

2SF−1∑

k=0

L−1∑

i=0

h(i)c(p + kT − i)e
−jπ(2qk+k2) 1

2SF + n1

=
π

2SF−1

L−1∑

i=0

h((i)mod 2SF )e
j πi2

2SF e
−j2πpi

2SF δ(q + i − p) + n1 (9)

where δ() is Dirac function, n1 depicts the inner product result
of the AWGN n(p, kT) and c(kT). Taking modulus on y1(q),
we can obtain

|y1(q)| = | π

2SF−1

L−1∑

i=0

h((i)mod 2SF )e
jπi2

2SF e
−j2πpi

2SF δ(q + i − p)|+ C1

(10)

where C1 is the noise term. (10) can be further written by

|y1(q)| = | π

2SF−1
h((−(q − p))mod 2SF ) |+ C1

�
= ĥ(q − p) + C1 (11)

The LoRa preamble is composed of several unmodulated
basis CSS signals which can be considered as the modulated
CSS signal with p = 0. Therefore, similar to the derivation of
(11), performing the direct non-coherent demodulation on the
LoRa preamble over h(k) yields

|y2(q)| = | π

2SF−1
h((−q) mod 2SF )|+ C2

�
= ĥ(q) + C2 (12)

where C2 is the noise term.
From (11) and (12), we observe that ĥ(q − p) is the ver-

sion of cyclic shifting ĥ(q) with p in frequency domain. Here
we can find p by using the classical cyclic cross-correlation
method to obtain the maximum value, so it can be formulated
as an estimation problem as

p̂ = argmax
τ

(R(τ)) (13)

where R(τ) = E{|y2(q)||y1(q + τ)|}.
Such estimation problem is very similar to the classic time

delay estimation problem [13], except that the delay tag τ is
in frequency domain.

Generally, the preamble is used for synchronization, but not
for directly detecting the message from the payload. Hence
the DNC detection of p is p̂ = argmaxq (|y1(q)|). From (11)
and (12), we observe that the DFT outputs after dechirping in
frequency domain reflect the channel impulse response. The
fact that the DFT outputs are cyclic extended by h(k) increases
the error probability of estimating the index corresponding
to the highest magnitude, so eliminating the influence of the
channel is crucial for the acquisition of p.

B. Cyclic Cross-Correlation for Estimating Message

TDE aims at measuring the relative time difference of arrival
(TDOA) among spatially separated sensors. As well known,
two classical methods are usually utilized to solve the TDE
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Fig. 1. Block diagram of the proposed receiver algorithm.

problem, i.e., cross-correlation (CC) and generalized cross-
correlation (GCC) [13]. Due to the existence of multiple
cross-correlation and matrix inversion, GCC-based methods
involves high computational complexity and noise amplifica-
tion. Moreover, p ∈ {0, . . . , 2SF − 1} is considered as the
index in frequency domain locating and the DFT outputs are
cyclic extended by h(k). Therefore, we here utilize the cyclic
cross-correlation to solve the TDE-liked problem.

Fig. 1 illustrates the block diagram of the proposed receiver
algorithm. The DFT outputs of multiple preamble symbols can
be averaged to obtain more accurate channel information for
better BER performance. The DNC demodulation is executed
on the received preamble and payload, respectively. Then, the
cyclic cross correlation of |y2(q)| and |y1(q)| is calculated.
Finally, the message is obtained by selecting the index of the
output of the cyclic cross correlation that has the highest mag-
nitude. The cyclic cross-correlation between |y1| and |y2| is
computed by

R|y2||y1|(d) =
2SF−1∑

q=0

|y2(q)||y1((q + d)mod 2SF )|

=

2SF−1∑

q=0

(ĥ(q)ĥ((q − p + d)mod 2SF ) + ĥ(q)C1

+ ĥ((q − p + d)mod 2SF )C2 + C1C2) (14)

Then, the estimation of p equals to the value of d maximiz-
ing R|y2||y1|(d), i.e.,

p̂ = argmax
d

R|y2||y1|(d) (15)

Without loss of generality, the delay spread of h(k) is nor-
mally much less than the length of the CSS symbol (2SF ).
To further reduce the receiver complexity, we can implement
the cyclic cross correlation by a matched filter (MF). We only
keep the preamble DFT outputs whose magnitudes are greater
than a threshold for the matched filtering, as the following

|y2| =
{ |y2(q)| |y2(q)| ≥ α|y2|max

0 |y2(q)| < α|y2|max
(16)

where |y2|max is the maximum in |y2(q)|, α ∈ (0, 1) is
the threshold parameter which selects the DFT outputs hav-
ing relatively large gain for the cyclic cross-correlation. In

other words, the multipath channel spreads the DFT outputs
and thus decreases the effective SNR of the p-th output sup-
posed to have the maximum magnitude. The matched filter can
enhance the effective SNR. The proposed receiver algorithm
is very simple because it just add an extra cyclic cross corre-
lation implemented by a matched filter to the existing direct
non-coherent receiver.

It is worth noting that the TDE-liked detection algorithm is
insensitive to the integer frequency offset. Assuming it exists
an integer offset ΔfI = εIB/2SF in the LoRa system, where
εI ∈ Z. And εI will cause the shift of the DFT outputs in
frequency domain. Based on the derivation of (11) and (12),
we can respectively write the preamble and payload after the
direct non-coherent demodulation as

{
̂|y1(q)| �= ĥ(q − p − εI ) + Ĉ1

̂|y2(q)| �= ĥ(q − εI ) + Ĉ2

(17)

The cyclic cross-correlation between ̂|y1(q)| and ̂|y2(q)| is
equivalent to executing a differential operation in frequency
domain, which can remove the effect of εI . However, the TDE-
liked algorithm is still sensitive to the fractional frequency
offset. It needs to estimate and compensate the fractional
frequency offset for utilizing the TDE-liked algorithm.

IV. SIMULATION RESULTS

This section provides the simulation results for comparing
the BER performance of the proposed TDE-liked algorithm,
the direct non-coherent detection algorithm [5]–[8] and the
frequency domain equalization (FDE) [10] algorithm, which
respectively are denoted by “MF”, “DNC” and “FDE” in the
following. In the FDE algorithm, a frequency domain equal-
izer [10] is used before the direct non-coherent detection.
In the simulations, the channel estimation is averaged over
8 preamble symbols, α = 1

4 is set for the proposed algo-
rithm, and the real channel response is used for the frequency
equalization in “FDE”.

Fig. 2 presents the BER performance comparisons for the
three algorithms with B = 125KHz, SF = 7 and SF = 10 over
the 2-path channel with impulse response h(k) =

√
0.8δ(k)+√

0.2δ(k−1) [5] and SF = 7 over the ITU Vehicular B (VehB)
channel [14]. The power profile of the VehB channel is [−2.5
0 −128 −100 −25.2 −16] in dB with a relatively delay pro-
file [0 300 8900 12900 17100 20000] in ns. We observe that
“DNC” performs almost 3dB worse under the 2-path channel
than AWGN channel, because the power of the DFT outputs
is split to two positions in frequency domain due to the 2-path
fading channel. The proposed algorithm exhibits about 2 dB
gain compared to “DNC” and “FDE”, in the case of SF = 7
and BER = 10−3. With the higher SF = 10, the performance
gains over “DNC” and “FDE” are 1dB and 1.8dB, respectively.
The TDE-liked algorithm with SF = 7 under the VehB chan-
nel shows significant gains compared to the existing detection
algorithms. We can see that, with the same SF the proposed
algorithm under the VehB channel shows more gains com-
pared to the 2-path channel. Under the 2-path and the VehB
channels, the proposed algorithm is slightly inferior to that in
the ideal AWGN channel.
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Fig. 2. BER performance comparisons with B = 125KHz, SF = 7 and
SF = 10 over 2-path fixed channel and SF = 7 over the VehB channel.

Fig. 3. BER performance comparison of different detection algorithm over
VehB channel with SF = 9 and SF = 12, B = 500KHz.

In Fig. 3, the BER performance curves for the three algo-
rithms with SF = 9 and SF = 12 under the VehB channel
model are provided. “DNC” algorithm fails to work under such
severely fading channel at the negative SNR regime even with
the most robust SF = 12. “FDE” can compensate the chan-
nel fading to some extent and thus outperform “DNC”, but it
is still affected by noise amplification. The BER performance
of the TDE-liked algorithm under the VehB channel shows
around 20dB gain compared to “FDE” and is only 0.5dB
inferior to that in the ideal AWGN channel.

From the above simulation results, the existing detec-
tion algorithms are severely affected by the multipath fading
channels, thus they cannot ensure the promising reliable com-
munication under such environments. The TDE-liked detection
shows an excellent BER performance even under the severe
fading channels, at the cost of merely adding an extra matched-
filter to the direct non-coherent receiver. These good features
demonstrated the proposed TDE-liked detection algorithm

stands out as a competitive alternative to the LoRa systems
under the multipath channels.

V. CONCLUSION

This letter proposed a TDE-liked detection algorithm for
the frame-based LoRa signals over multipath channels. The
TDE-liked algorithm is implemented by a simple cyclic
cross correlation, and is also demonstrated to be insensi-
tive to the integer frequency offset. Through the simulations,
the proposed algorithm significantly outperforms the exist-
ing receiver algorithms under multipath channels. The BER
performance of the proposed algorithm with larger SF under
some severely fading channel is only 0.5dB different from that
of AWGN channel. The proposed algorithm can promise a reli-
able communication with low complexity for LoRa systems
over multipath channels.
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