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Abstract

With the rapid development of IoT technology in recent years, higher require-
ments have been put forward for wireless communication technology. Low
Power Wide Area Network (LPWAN) technology is emerging rapidly, the
technology is characterized by low power consumption, low bandwidth, long-
distance, and a large number of connections, and is specifically designed for
Internet of Things applications. LoRa (Low Power Long Range Transceiver),
as a typical representative of LPWAN technology, has been widely concerned
and studied. This paper analyzes the performance of LoRa modulation in the
tree topology network and analyzes the performance of LoRa modulation in
the imperfect environment for point-to-point communication and multipoint-
to-point communication. From theoretical analysis and performance simula-
tion, it can be seen that the influence of frequency offset or multipath fading
on LoRa signal is very obvious. However, when LoRa modulation is used for
networking, multi-user interference will be introduced. Under the influence of
many imperfect factors, the signal receiver performance of LoRa modulation
will be difficult to guarantee. Because of these effects, Coordinated Multiple
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Points based on Timing Delay (DCoMP) is presented. Multiple nodes close
to each other send the same data to the target node. Due to the inaccurate
synchronization between nodes, there will be a certain relative delay when
sending signals to the same target node. After the receiving node combines
the signals of multiple nodes according to different relative delays, the
reception performance of the signals can be improved. At the same time, the
cooperative node can also actively adjust the signal sending time to improve
the reception performance of the receiving node signal merging algorithm.
LoRa modulation, by using DCoMP transmission, improves the reception of
signals and thus the overall capacity of the system. Through the analysis of
multipoint communication and single point communication, this paper is of
great help to LoRa network deployment.

Keywords: LoRa, LPWAN, FSCM, chirp, [oT, DCoMP, Tree topology.

1 Introduction

With the rapid development of 10T technology in recent years, higher require-
ments have been put forward for wireless communication technology. Low
Power Wide Area Network (LPWAN) technology is emerging rapidly, the
technology is characterized by low power consumption, low bandwidth, long-
distance, and a large number of connections, and is specifically designed
for Internet of Things applications [1-3]. LoRa (Low Power Long Range
Transceiver), as a typical representative of LPWAN technology, has been
widely concerned and studied.

LoRa is one of the technical regimes of LPWAN, which is currently
widely used commercially. LoRa is the physical layer technology regime for
the LoRaWAN system, whose standards are held by the LoRa Alliance [4].
The LoRa modulation technology patent [5] gives the basic framework of
LoRa modulation. Paper [6] gives a general description of LoRa modulation
technology and provides some basic equations. Paper [7, 8] gives more details
of signal modulation and demodulation technology, but the mathematical
and signal processing theory description of signal modulation and demod-
ulation process is still lacking. For the first time, literature [9] provides strict
mathematical formulas and signal processing analysis for the modulation and
demodulation process of LoRa, and proposes a theoretical derivation of the
demodulation process based on FFT with low complexity. The paper [10]
analyzed in detail the influence of LoRa signal demodulation by frequency
offset. With the increase of SF, the sensitivity of LoRa system to frequency
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offset becomes higher. The paper [10, 11] analyzes the interference of LoRa
modulation under the multi-hop network structure. The paper [13] analyzes
the multi-user interference of LORA modulation under the tree topology
network.

LoRa modulation is generally considered as a chirp spread spectrum
modulation signal [14, 15]. The information carried by LoRa modulation
signal is determined by the initial frequency of the symbol, while Chirp can
be considered as a carrier. Therefore, LoRa can be considered as a Frequency
Shift Chirp Modulation (FSCM) [9]. Paper [9, 10] analyzed the signal char-
acteristics and performance of FSCM modulation. While, this paper analyzes
the performance of LoRa modulation in tree topology network, and analyzes
the overall performance of LoRa modulation from two aspects: point-to-
point communication and multi-points-to-point communication, and then
a coordinated multiple points transmission technique with timing delay is
proposed, which can significantly improve the system performance without
increasing the overall system resource overhead.

Under the tree structure, multiple equipment close to each other sends the
same data information to the same receiver equipment. Due to the imprecision
synchronization between equipment, there will be a certain relative delay
when sending signals to the same receiving equipment. After the receiving
equipment merges the signals of multiple equipment according to different
relative delays, the receiving performance of the signals can be improved.
Meanwhile, the cooperative node can also actively adjust the signal sending
time to improve the reception performance of the receiving node signal merg-
ing algorithm. LoRa modulation, by using DCoMP transmission, improves
the reception of signals and thus the overall capacity of the system. Through
the analysis of multipoint communication and single point communication,
this paper is of great help to LoRa network deployment.

The rest of this paper has the following structure. In Section 2, the math-
ematical model of FSCM signal is given, and the orthogonal characteristic
of FSCM signal is proved; Section 3 gives the performance of LoRa in the
tree network, including the impact of timing offset, frequency offset, and
multipath fading channel on performance in point-to-point communication,
and multi-user interference analysis in multi-points-to-point communication.
Section 4 proposes the Delay CoMP technology and designs the combined
algorithm of multiple points. Theoretical analysis and performance simula-
tion prove that DCOMP can improve the system performance. In the end,
the paper summarizes the whole paper and gives the prospect of the possible
application of this technology.
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2 FSCM Signal of LoRa

From [9, 10], assuming that the bandwidth of the transmitted signal is B, the
sampling time interval is 7 = 1/B. The sampling time of a chirp spreading
spectrum signal is recorded as T, = 2°F . T. The symbol s(nT}) is a real
number formed using a vector w(nT}) of SF bits, and SF is called Spreading
Factor, SF = {6 ~ 12} in LoRa.

SF—-1
s(nTs) = Z w(nTy), - 2"
h=0
n=1,23,...,25" 1 (1)

We can see that s(nT) takes values in {0, 1,2,...,25 — 1},
For any real number s(n7y), the chirp spreading spectrum signal is:

Vv Es ej27r[(s(nTs)-i-k)mod2SF}2TQSFL_H

c(nTy +kT) = NG
_ VEs I2l(s(0T2)+k)ymod2S T2 sy
92SF
k=0,1,...,25F —1 )

If s(nTs) = 0, this signal is a basic chirp signal; if s(n7s) > 0, this
chirp signal has a different initial frequency, which is why LoRa is called
Frequency Shift Chirp Modulation (FSCM).

Suppose s (nTs) = p

VEs ej?ﬂ[(P+k)mod25F]2 Soh
28
VFE . p+k)7nod2SF 2 (QSF)2
s J2n[(5—5s7 ] SsFta 3)
1/25F€

For a time-continuous signal, the FSCM waveform may be denoted as:

ct) = \/Egeﬂ”(tﬁo)%sﬂ1

b
T 9SFY

c(nTy +kT) =

~

to t= 257F’ te[ov 1] (4)
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From paper [9, 10], we know
<Z (0T + kT) |yuzs)—ps © (0T + KT) \S(HTS)_q> ~0
p#q,pqed{0,1,2,...,25F —11 5)
For continuous signal
<E(t+t0),3(t+t1)> =0
to#t1, to € [0,1], t; € [0,1] (6)

Suppose E¢ = 1, the proof process is shown as follows:

1
(c(t+t),c(t+t))= / 2 (tt0) 27 2tk 0) "2 gy
0

1

; SF— ; SF—

:eg2w(t3—t§)2 1/ eI2m2t(to—t1)-2 ldt
0

pd2m(tg—t7)257 !

(j2m -2 (to — t1) - 25F1)

j2m-2(to—t1)-25F 1
/] i o ej27T-2t(t07t1)-2‘9F71d<j2ﬂ_ . 2(t0 _ tl)t . 2SF71)
0

e2m(tg—3)25F 1
(727 - 2(to — t1) - 25F°1)

ed2m(tg—13)257 1

z1j2m-2(tg—t1)-25F 1
e’lo

B j2m-2(tg—t1)-25F—1
= G 2t —tl)-2SF*1)(6J o—t1 1) (7)
Consider that to # t1, and tg — t; = %
So
ej27r~2(to—t1)'25F71 =1 8)

(c(t+ty), c(t+t))=0 )
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3 Network Communication of LoRa Terminal

LoRa modulation is mainly used in IoT, and the typical network topology
in this application scenario is the tree topology network, which is shown in
Figure 1.

The structure includes three types: central node, relay node, and terminal
node. From the perspective of the receiving node, the communication types
include point-to-point communication, such as the communication between
the central node and the lower level node; and multipoint-to-point com-
munication, such as the communication between multiple relay nodes and
lower-level nodes. For various types of communication, we need to conduct
a detailed analysis.

3.1 Point-to-Point Communication of LoRa Modulation

The point-to-point communication of LoRa node is the communication
between one node and another node. Due to the complication of the com-
munication environment, the communication quality will be affected by time
offset, frequency offset, and multipath fading, so we need to analyze various
imperfect factors

3.1.1 Timing offset of LoRa communication
Assuming that the transmitter adopts constant signal power and the receiver

has ideal time-frequency synchronization, the received signal of the nth
symbol in AWGN channel is:

r(t +tn) = c(t +t) + w(t) (10

t, = nTs, w(t+t,) is a Guass white noise with a mean of 0 and a variance o2

(@)
Figure 1 Tree network topology.
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The best detection of the received signal r(t + ¢,,) is to select the appro-
priate c(t + tn)|s(y7,)=; s that its inner product with the received signal is
the largest. However, due to the high complexity of the implementation of
coherent detection, and theoretically the performance of incoherent detection
is 0.8 db lower than that of coherent detection [16]. Therefore, we use the
non-coherent demodulation algorithm based on FFT for analysis.

Suppose ?(nTs + kT)|g(n1,)=p» then
(7 (64 tn), € (64 1) L)1)

1
. 29SF—-1 _ ; 29SF-1
:/ eJ2m(t+t)"2 e —J2m(t+tn)"2 dt
0

1
+ / Wt + ty)e 2257 gy (11
0

According to the previous orthogonality analysis, when ¢, = p, the
inner product is the largest. For discrete signals, the initial frequency of the
transmitted signal can be obtained by Fourier transform, and the information
bit sequence can be solved according to Equation (1).

If the received signal contains a certain time offset, the received signal is

P(t 4 1) = c(t + At +1,) + w(t) = /Eeel2rHAH) 250 4 4
(12)

th = QSLF,suppose At = 2%—% # 0. That is to say, for the sampling point with
integer times delay, the demodulation result of the signal can be obtained
by the demodulation algorithm as follows. For the sample points containing
fractional times, the results can be ignored.

s(nTs) =p+ Ap

SF-1

Z w(nTy), - 2" =p+ Ap
h=0

It can be seen that the demodulated bit sequence has become a completely
different sequence, so the time offset larger than one sampling chip is fatal
to the signal demodulation, which will lead to complete demodulation error.
Therefore, LoRa adopts the preamble sequence with a variable length of 6
~ 65535 [4] symbols in the system design to ensure the reliability of time
synchronization.
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3.1.2 Frequency offset of LoRa communication

LoRa modulation is also called Frequency Shift Chirp Modulation. The bit
sequence of each chirp symbol is determined by its initial frequency. One
LoRa spreading spectrum signal carries SF bits, so every FSCM symbol
has 2SF different waveforms, then the frequency interval between the two
adjacent waveforms is B/2%%. Suppose Af = Ak - B/25F, then

P(t+ tn) = /B2 () 25 TIRALD) () (13)

It can be seen that as SF grows, the frequency interval of adjacent symbols
becomes smaller. If the system can effectively eliminate the frequency offset,
then the performance will not be affected. Otherwise, if the residual frequency
offset exists, its impact on the larger SF will be greater. The system coverage
distance will not increase as the SF grows. From Figure 2. If the signal
contains a certain frequency offset, then signal C1 will become signal C2,
which will lead to demodulation error.

Figure 3 show the simulation results of Lora signal including frequency
offset. When the residual frequency offset is less than 10%, the system perfor-
mance is almost unaffected; When the residual frequency offset reaches 20%,
the system performance deteriorates 1dB; If the residual frequency offset
exceeds 20%, the performance deterioration will be significant. Because the
frequency interval of the adjacent waveform is B/ 25F when SF = 12, the

Two FSCM Symbol with Different Initial Frequency

-110

Power/frequency (dB/Hz)

&L
N}
=

0 50 100 150 200 250 300 350 400 450
Frequency (kHz)

Figure 2 FSCM symbol with frequency offset.
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Figure 3 Performance of LoRa with frequency offset.
Table 1 Multipath channel
Chan-Type Path Delay (ns) Power (dB)
AWGN 1 0 0
ITU PA 4 {0,110, 190, 410} {0, -9.7, —19.2, —22.8}
ITU PB 6 {0,200, 800, 1200, 2300, 3700} {0, —0.9, —4.9, —8.0, —7.8, —23.9}
ITU VA 6 {0, 310, 710, 1090, 1730, 2510} {0, -1, =9, —10, —15, —20}

allowable frequency offset is only 24 Hz, which puts forward very high
requirements for the algorithm design of the system.

3.1.3 Multi-path fading channel communication

The fading channel is also a key factor affecting system performance,the
multipath fading channel in a typical urban environment is shown in Table 1,
and the received signal model is as formula (14).

(=
—

rt+tn) =a; Y clt+tn+m) +w(t+1ty)

7

(14)

I
o

Where a; is the amplitude of the multipath fading signal, 7; is the
multipath delay length. Using the same noncoherent detection algorithm, the
simulation result is shown in Figure 4.

According to the above simulation results, the influence of multipath
fading on the demodulation of LoRa signal is very obvious. Compared with
the AWGN channel, the performance degradation of the PB channel is about
9 ~10 dB. When SF = 6, the performance degradation of the PB channel
is about 10.5 dB compared with the AWGN channel, and when SF = 12,
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Uncode LoRa Performance in fading channel
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Figure 4 Performance of LoRa in fading channel.

the performance degradation is about 9 dB. So with the increase of SF, the
system’s ability to resist fading has a certain increase. Similarly, for the VA
channel, when SF = 6, 9, and 12, the performance degradation is 27.5 db,
24 dB, and 23 dB respectively compared with the AWGN channel. When SF
increases, the performance degradation decreases.

Multipath fading and frequency offset will have a very obvious impact
on LoRa signal demodulation. To demodulate LoRa signal better, we need to

introduce demodulation algorithms such as time-frequency offset estimation,
channel estimation, and rake receiver.

3.2 Multi-Point-to-Point Communication of LoRa Modulation

In the tree topology network, the receiving synchronization between nodes is
difficult, there are always some timing offset between multiple points under

the multiple points transmission. The receiving symbol is shown in Figure 5
and formula (15).

B c(t+t, —7), t e [, 1]
r(t) =c(t+tn) +o {c(t +tp1+1—71), t€][0,7] (15)
7 is the timing offset between NodeO and Nodel, « is the power offset

between these two nodes, t,, = p/2°F. For 7 = 0, the system can be regarded
as the transmit diversity, the following analysis mainly focuses on 7 # 0.
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—Node0»| Symbol #n Symbol #n+1

—Nodel» Symbol #n-1

i r Symbol #n Symbol #n+1
]

Figure 5 Receiver signals from multiple nodes.

Calculate the projection of the received signal:
L) = (7 (1), e(t +x))

1
. 29SF—1 _ 29SF—1
:/ e]271'(t+tn) 2 e j2m(t4x)=2 dt
0

.
—I—a/ pd2m(trtn—1+1-7)%25F =1 —jam(t+a)?257 1 1,
0

1
; _\29SF-1 _ 29SF—1
+a/ e]27r(t+tn T)*2 e j2m(t+x)=2 dt
-

(16)
x € [0, 1]
If x = t,, then
L(t,) = /1 ej277(t+tn)223F71e—j27r(t+tn)22SF*1dt
0
+ « /T szw(t-i_t"’l—i_l_T)QQSF_l6_j27"(t+tn)22SF_ldt
0
+ /1 pd2m(ttn—7)225F =1 —jam(t+tn)?25F 71 0y (17
-

Because of 7 # 0

1
; _\29SF-1 _; 255F—1
/ 6]2w(t+tn T)“2 e 327 (t+tn)2 dt =0
0

1
; _\29SF-1 _; 29SF—1
/ ej?ﬂ'(t-‘rtn )2 e J2m(t+tn)=2 dt

T

= - /T pd2m(ttn—7)?25F 71 —jom(t+tn)?25F 1 4 (18)
0
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So

-
T(t,) =1+ a/ pd2m(trtn—1+1-7)%25F =1 —jam(t4t,)?297 71 1,

0

-
_ a/ ej2w(t+tn—r)22SF*1e—j2w(t+tn)225F*1dt
0
Denote
-
Ty = / pd2m(trtn—1+1-7)%25F =1 —jam(t4t,)?297 71 14
0

.
r, = / pd2m(ttn—7)?25F =1 —jom(t+t,)?25F 1 0y
0

-
Ty = / ej27r(t,21_1+1+727t,21+2tn_172772tn_1‘r)25F_1
0
) €j27r-2(tn_1fotn+1)t-2SF_1dt
eI 2m (6 AT 1] 42t 1~ 272ty 1 7) 257

J21 - 2(tpq — T —ty + 1) - 25F-1

ejzfr.z(tn_l—T—tn+1)t-23F*1

(j2m-2(tn—1—7—tn+1))7
J

d(j2m - 2(tp—1 — 7 —ty, + 1))
eI2m (6 AT 1] 42t 1 27241 7) 25

521 -2 (tpy — T — by + 1) - 25F—1

Ty =
(ej27r-2(tn_1—T—tn+]_)7-,2SF—1 B 1)
Denote
d=tp1—7—t,+1

Then
127 (82 =245 —2tn _1tn+2tn7) 25771

jom - 28 - 25F-1

de(—-2,2)

Ty = (€j27r~267—~2SF_1 -

(19)

(20)

21

(22)

(23)

(24)

(25)
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Denote
ej2m26m25F =1 4
0= o o5 25k (26)
FO = rD . €j27r(62_Qti—Qtn71t7L+2tnT)2‘9F71 (27)
r, = /T eI2m(T?=2tnT)25F 71 —j2m2rt25F 1 4y
0
ej27r(7272tn7)25F—1 (—j2m2r-25F—1)r
- —j27r-27-t-25F—1/0
—j2m-27t.25F 1 . SE—1
e d(—j2m- 27t -2 ) (28)
pd2m(r?—2tn7)287 71 ' ) sro
= —j2m-272.2 _
D= —gr et (77 ) (29)
Denote

e—j2m2r?28F 1

—j2m - 27 - 92SF—1

(30)

rn =

Fl = I'lej27r(7—2_2t“7—)2SF71 (31)

For any rp and r1, Figures 6 and 7 show their absolute values.
If 7 > 52, || < —10dB, for any 7, |[I'1|< —15 dB, so

[(t,) ~ 1

Ifx=t,—T:
1
C(t, —7) = / €j27r(t+tn)225F*1€—j2w(t+tn—r)223F71dt
0

-
j _7)29SF-1 _; _\29SF-1
—l—a/ 6.727T(t+tn71+1 T)“2 e G2 (t+tn—7)*2 dt
0

1
+/ €j27r(t+tn—7')225F71e_]'27r(t+tn_7)22SF71dt (32)
r
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The abs value of 0 for SF=9 The abs value of r0 for SF=9
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Figure 6 The amplify of I'y.

The abs value of r1 for SF=9
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Figure 7 The amplify of I';.

So

/1 pd2m(ttn)?257 71 —j2m(ttn—7)%25F 71 4y 0 (33)
0

T(t,—7)=a(l-71)+ a/T (ej27r(t72171+1—t%+2(Ttn—Ttn_1+tn_1—T))ZSF*l
0

. _ 5SF—1
63271' 2(tn—1—tn+1)t-2 )dt

ed2m(8h_ =13 —2(tn—1—tn)7)25F

—a(l—
o ( T)+aj2ﬂ'-2(tn_1—tn+1)'2SF_1

. (6-7271"2(“’1171—tn"rl)T'QSF_l — ].) (34)
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Denote
eI2m(ty 5 =2(tn—1—tn)7)25F 1

T jom -2t tn 1) 25F1 (A=t t HT2TTE
: n—1 — in .

Iy

L(t,—7)=a(l—71)+Ty

The same, we can suppose that 6 = ¢,_1 — t, + 1, from the result of
Figure 7, when 7 > 25%
IT'y| < —10dB

And then:
T (t, — 1) ~a(1-7)

If x =t,_1+1—7, then
€j27r(t%ftfl_l7172(tn7tn,1)T+2772tn,1)25F_1

I(tn— 1—-7)=
(the1+1—7)=ar+a T ———

(Pt 2T ) (35)

Denote
6j27r(t%ft%717172(tn7tn_1)7+27'72tn_1)QSFfl

J2m -2 (ty —tp_q — 1) - 25F-1
_ 1)

s =

. (€j2n~2(tn—tn,1—1)7.251“1

I(tp—1—7)=ar+1T3
The same, we can suppose that 6 = ¢, —t,_1 — 1, when 7 > 25%
|F3| < —-10dB

So
D(th—1—7) = ar

For other cases

-
I'(z) = a/ ejQW(t+tn71+1—T)22SF_16_j27r(t+x)225F—1dt
0

-
; _\29SF-1 _; 29SF—1
—Oé/ €j271'(t+tn T)“2 e j2m(t+x)“2 dt
0
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1—7
: 2 2_ .2 F— . _
— Of/ €j27r(tn_1+‘r —x 72tn_17)25 1 _6]27T(tn71—’r—a:)t25F 1dt
0

-

: 242 .2 SF-1 SF—1

_ Oé/ 6327"(tn+7' —x —2tn7')2 6]27‘(‘(tn77’71‘)t2 dt
0

g2m (82 _ 472 —a?—2t, ,7)25F 1
_ € (ej27r(tn,1—7'—1’)7'
727 (tp—q — 7 — x) 25F -1

9SF—1

_1)

ejzn(tiﬂhxhztm)ﬁ“l

] —r—x)T SF—1
- J2m (ty, — 7 — ) 25F—1 G —-1) (36)
n
Denote

J2m t317 +T2—$2—2tn, 7)2SF-1

ry= € .2( (tl )1231:,_1 _(€j27r(tn_177-75,;)7-23F71 . 1)) 37)
14T \(tp—1 —T — T
jor (12 +72 —22—2t, 7)25F 1

F5 — 6‘7 7T( T —X 7') (ejZW(tn_T—x)TZSF*1 _ 1) (38)

J2m (ty, — 7 — ) 25F—1

Supposeéztn_l—T—xoréztn—T—x,whenT>25%

IT4] < —10dB
IT's] < —10dB
So we can get that when 7 > 25%:
T (tn) ~ 1 (39)
L(t,—7)~a(l—71) (40)
F(the1+1—7)~ar 41

The theoretical performance curve of LoRa signal [16] is: If SF is 9,
Ber is 10-3, E,/Ny ~ 4 dB. Then for SINR > 4 dB. The effect of the
interfering signal will be insignificant. This paper mainly analyzes the Nodel
transmission power migration of 0 dB, 3 dB, and 6 dB, which denoted as 7.
Suppose 7 < 1/2, when 7 > 25%

SIR = —20 % logl0(a(1 — 7))
=n—20%1logl0(1 —7)

1
n = 20 x log10 (>
o



Chirp Spreading Spectrum in Imperfect Environment 207

Lora SF=6 with Mulii-User Interference

Lora SF=9 with Multi-User Interference
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Figure 8 The performance curve under different timing offset interference.

For bandwidth = 500 kHz, 1 chip = 1/500 kHz, the simulation result is
shown in Figure 8.

4 DCoMP of LoRa Signal

From the interference analysis in the previous section, it can be seen that
multi-user interference has a great impact on system performance. For
SF = 9, the time offset is 5 chip, the power offset is 0dB, and BER <0.1,
with the increase of relative delay, SIR decreases correspondingly. When
the timing offset increases to half of the spreading spectrum length, the
performance degradation compared to the theoretical curve is approximately
3 dB. If the interference signal power is 3 dB and the time deviation is 5
Chip, the performance deterioration is also very obvious. Even if the delay
reaches 128 chip, there is still performance deterioration. If the power of the
interfering signal is 6 dB and the time offset is 5 chip, there is still a 2 dB
deterioration in performance.

According to the above analysis, to avoid multi-user interference, the
signals of two users can only be separated in time-frequency resources. This
approach is wasteful of system resources. Because the network architecture of
the system is a tree structure, the cooperative multi-point (CoMP) technology
can be used. That is, the two transmitting nodes send the same data, and the
receiving node combines the signals in the following way.

From Figure 5 and Equation (15):

c(t+tp1—14+7), tel—11)
c(t+t,+ 1), tel0,1—r7]
(42)

r(t—i-T)—a-c(t—i—tn)—i—{
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Receiving merge algorithm is as follows:
Step 1. Compute 7(t) and r(t + 7)
y(t) =r(t)+r(t+7)

c(t+t,—1), te [r,1]

:<1+a>-c<t+tn>+a{c<t+tn_1+1—T>, t€(0,7]

+{c(t+tn+1—1+r), te[l—r1)

c(t+ty,+71), te0,1—7] (43)

Step 2. Correlated r(t + 7) and ¢(x), from the proof in the last chapter, we
can get:

P(2) = (7 (t+7),¢(t+2))
L(ty) =«
Fth+1)~1-71
F(tppr+1—7)~T7

Step 3. Combine the correlation of r(t + 7) and r(t):

[(ty) = 1+« (44)
T(t,+7)~1—7 45)
Ity —17)~a(l—71) (46)
D(th—1 —7) = ar 47
T(tne1 +1— 1)~ T 48)

Suppose 7 < 1/2, then

SIR =10 * log10 (1 +O‘>

1—71

SIR is determined by these two parameters: « and 7. For 7 = 0, this
is a transmit diversity. Because synchronization between nodes is difficult
to achieve, there is always some time offset between the two nodes. To get
better reception performance, the sending time of the signal can be adjusted
actively, which is called CoMP technology based on delay (DCoMP). For SF



Chirp Spreading Spectrum in Imperfect Environment

Lora SF=6 with DCoMP for 5Chip Timing Offset

—&— SF6 Theory curve
—&— NoComb0dB
—— comb0dB
NoComb3dB
4 comh3dB
——tr— NoCombBdB
——+— comb6dB

2 0 2
snr{Eb/NO)

Lora SF=6 with DCoMP for 34 Chip Timing Offset

Figure 9

—6— SFé Theory curve
—&— NoComb0dE
—5— comb0dB
NoGombads
comb3ds
—#— NoCombsdB
—+— combBadB

E- ]
snr(Eb/NO)

Lora SF=9 with DCoMP for 128 Chip Timing Offset

2

—&— SFA Theory curve
—&— NoCombDdB
—f— comb0dB
NoComb3dB
4 comb3dB
—#— NoComb6dB
—+— combBdB

40 8 6 4 [

=2
snr(EbINO)

ber

ber

ber

209

Lora SF=6 with DCoMP for 17 Chip Timing Offset

—6— SF6 Theary curve
—&— NoGomb0dB
—&— comb0dB
 NoCombadg
% comb3dB
—#— NoCombdB
—+— combbdB

-2 o
snr(Eb/NO)

2

Lora SF=9 with DCoMP for 5 Chip Timing Offset

—6— 5F9 Theory Curve
—&— NoCombdB
—&— comb0dB
NoGombadB
4 comb3dB
—#— NoCombbdB
—+— combsdB

-4 2 o
snr(Eb/NO)

Lora SF=9 with DCoMP for 254 Chip Timing Offset

—6— SF9 Theory curve
—8— NoComb0ds
—— comb0dB

“r NoComb3dB

# comb3dB
—#— NoCombbdB
—+— comb6dB

a0 -8 6 4 [

-2
snr(Eb/NO)

Figure 10 Performance of different delay with and without DCoMP SF = 6 and 9.

equal to 6 and 9, the simulation results under different delays are shown in

Figures 9-11.

According to the simulation results, if SF = 6, power offset 6 dB, and
timing offset 5 Chip, DCoMP technology has little impact on performance.
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Figure 11 Performance of different delay.

If the timing offset reaches half of the spread spectrum length, DCoMP
technology will improve the system performance by about 0.5 dB. If SF =9,
we get the same conclusion. If the power offset is 3 dB or 0 dB, DCoMP
technology will bring very significant performance improvements. For timing
offset 5 chips without DCoMP, we can demodulate the signal at a larger SNR;
If the DCoMP technology is adopted, the gain of 3 dB can be obtained. If the
timing offset reaches half of the spread spectrum length, DCoMP technology
will get a very obvious performance improvement. A performance gain of 2.5
dB is achieved if the power offset is 3 dB, and nearly 7 dB is achieved if the
power offset is 0 dB.

On the other hand, if multiple users have the same power offset, dif-
ferent timing offset also has some effect on performance. For SF = 6, the
performance degradation was greatest with a delay of 5 chips and least with
a delay of 34 chips. The same thing happens when SF = 9. It can be seen that
to obtain the desired reception performance, the signal transmission time of
the cooperative node can be adjusted actively. And the adjustment precision
does not need to be very high, which brings great convenience to the system
design.

5 Conclusion

From the previous analysis, we can see that LoRa modulation is very sensitive
to imperfect factors, such as time offset, frequency offset, and multipath
fading. The design of variable length synchronous channels in LoRa com-
munication system can ensure that the system can correct the time offset, but
the frequency offset and multipath fading are difficult to resist. Therefore,
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we need to use a complex frequency offset estimation algorithm, channel
estimation algorithm to improve the received signal quality. In the tree topol-
ogy network, multi-user interference will also have a great impact on system
performance, so we propose a cooperative multi-point technology including
timing delay to improve system performance.

CoMP has been widely used in LTE. It can improve the quality of the
received signal of the target node through the cooperation of multiple base
station, and accordingly improve the throughput of the whole system. The
DCoMP technology proposed in this paper is slightly different from the
CoMP technology of LTE. By introducing different timing delay for multiple
nodes, DCoMP can reduce the multi-user interference and improve the signal
receiving quality, to improve the throughput of the whole network.

Through the research of this paper, we have an overall understanding
of LoRa’s network environment and its performance in this environment,
and then we proposed DCoMP technology, which is of great help to the
subsequent network deployment.
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