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ABSTRACT

As a low-cost, open, and extensively covered communication technology, power line carrier
communication (PLCC) technology has been applied to the streetlamp monitoring system to improve
management quality. However, existing PLCC technologies face two problems: i. Significant signal
attenuation on the power line, which limits transmission distance; ii. Inability to transmit signals
across transformers due to the signal-blocking effect of transformers. To solve the problems, this
paper introduces the resistive modulation technique into PLCC technology. Experiments show that
the designed communication system has two advantages: i. It can transmit signals over long
distances, as signal attenuation on the power line is suppressed,; ii. It can transmit signals across
the transformer as resistive signals are amplified when they are transmitted across the transformer.
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1. INTRODUCTION

With the development of urbanization and technology, street lamps with a smart monitoring system
have become an important part of smart cities [1]. A perfect streetlamp monitoring system can
improve the quality of management effectively, which can save more energy without reducing safety
[2]. And the trend of modern streetlamp monitoring systems development is to monitor street lamps
remotely and intelligently [3]. In order to monitor street lamps in time, it is necessary to build a
communication system between the monitor and the street lamps [4].

There are three common communication methods to build a streetlamp monitoring network: i. Radio
frequency technology, such as Wireless Fidelity (WIFI), Global System for Mobile Communications
(GSM), ZigBee, etc. [5]. These technologies require building their own network with limited
coverage [6, 7]; ii. Rewiring. This method is suitable for new streetlamp monitoring systems, but
involves high costs and complexity [8]; iii. Power Line Carrier Communication (PLCC) technology.
PLCC technology transmits signals over existing power lines [9].

Compared with other methods, PLCC technology offers two main advantages: i. low cost. As a wired
communication method without additional investment in new lines [10], PLCC is significantly more
cost-effective than other wired communication methods over the same distance [4]. ii. Extensive
coverage. As a physical network with the highest occupancy rate in the current society [11], power
lines connect all the street lamps, enabling PLCC technology to connect every street lamp too [12].
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Currently, PLCC technology is widely adopted in intelligent streetlamp monitoring systems [3]. In
2018, Yue Jiaqi et al. designed a streetlamp monitoring system based on PLCC technology [13]. This
system monitors the street lamps by the PLCC between the streetlamp controller and the concentrator,
handling tasks such as detecting damage, turning street lamps on or off, and adjusting input voltage,
etc. However, the transmission distance is limited due to increased signal attenuation over longer
distances [8]. In 2019, Shen Dan et al. designed an accurate streetlamp monitoring system based on
PLCC technology [12]. Tests showed that this system could monitor each street lamp accurately.
However, the system could only work on one side of the transformer due to the signal-blocking effect
of the transformer, and the signal period of about 800 ms indicated a low communication rate [12].

As discussed above, this paper applies the PLCC technology to the streetlamp monitoring system.
But there are 2 problems:

i. Signal attenuation in the power line. When the voltage signals are transmitted through power lines,
signal attenuation occurs [14], which increases with transmission distance [8]. Currently,
communication distance is typically less than 1 kilometer (km) [8, 15].

ii. Signal-blocking effect in the transformer. Power carrier signals can only be transmitted on one side
of a transformer, as the transformer significantly reduces these signals. When signals are transmitted
across a transformer, the attenuation can reach up to 100 decibels (dB) [10].

2. RESISTIVE MODULATION TECHNIQUE OF PLCC TECHNOLOGY
To address the above-mentioned problems, the resistive modulation technique is introduced into the
PLCC technology, which transmits information via signals modulated by changing resistance.

Ry  Transformer

Receiver R, Re Load
e —_—

Figure 1. The framework for the resistively modulated PLCC technology

As shown in Fig. 1, the equivalent resistance perceived by the receiver (R;) will change as the
resistance of the load (R.) changes according to Eq. 1 [16].

ARg = (i—f)z AR, (1)

Where AR represents the resistance change on the transformer’s secondary side, ARg represents the
corresponding change in equivalent resistance from the primary side to the secondary side, N is the
number of turns on the primary side, and N is the number of turns on the secondary side. The resistive
modulation technique has two advantages:

I. It can transmit signals across the transformer. Eq. 1 shows that the attenuation of resistive signals
transmitted across the transformer can be adjusted by the winding ratio of the transformer Ng/N..

ii. It can improve the communication distance of the system by eliminating signal attenuation in the
power line. This is illustrated by Eq. 2 according to [17].

Where ARE represents the change in equivalent resistance from the primary side to the secondary side,

AR, represents the change in the equivalent receiving resistance, and ARw represents the change in
the residual resistance of the power line, which can be ignored as shown in Eg. 3.

280



ARy =0 3)

When resistive signals are transmitted, they remain constant despite changes in transmission distance,
as described by Eq. 4.

AR, = ARg 4)

3. EXPERIMENTAL PROCEDURE
3.1. Experimental Environment Setup

MATLAB is a powerful tool for simulating PLCC technology, supporting the research and
development of complex signal transmission and data communication systems within power grids
[18]. Therefore, MATLAB is utilized for data analysis and simulation in the experiments.

It is necessary to set parameters to establish a model for the experimental PLCC system. As shown
in Fig. 2, In this model, the transformer’s winding ratio is Ne/N(, VVoltage Sensorl is used to measure
the voltage (um) across the measuring resistance (Rm), and Voltage Sensor2 measures the source
voltage (us) with a bleeder circuit. Both sensors are the same type of Analog-to-Digital Converter
(ADC) chip. And the phase difference (¢) can be obtained by ¢us - ¢um, Where ¢@ys is the initial phase
of us, ¢um is the initial phase of um. Additionally, there are M street lamps (Rstm, m=1, 2, ..., M) with
corresponding digital resistors (Rom, m =1, 2, ..., M) on the secondary side of the transformer, and
each lamp can transmit signals by adjusting its corresponding digital resistor.

Voltage
Sensorl
Rm Transformer

| .  — _
| Voltage Sensor? | (f\I)us Re § g RL Rpy @ %)Rsu Roz @ %)Rsu ------ Rowm @ %)RSLM
| e e

Figure 2. The frame for the resistively modulated PLCC technology in the streetlamp monitoring
system

The current im through the primary side of the transformer can be calculated by Eq. 5:
iy = i ®)

Where uwm is the voltage measured by Voltage Sensorl.
The equivalent resistance Re from the primary side to the secondary side can be obtained by Eq. 6.

—=-Ry (6)

Ne 2
RE:(N_E) Ry = o

Where imk is the measured current value through the resistance at the k-th time point, Fapc is the
sample frequency of the ADC. The equivalent resistance on the secondary side of the transformer R,
can be calculated using Eq. 7.

Ry = (... (((Rszm I Rpy + Rpp) |l (RSL(M—l) I RD(M—l)) + Rpp) |l (RSL(M—Z) I RD(M—z)) + Rpp) |l
vt ) I (Rgz1 Il Rp1) + Rpp, (7)

Where Rp_ is the resistance of the power line between two adjacent street lamps.
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Partial parameters of the model for the resistively modulated PLCC technology in the streetlamp
monitoring system are listed in Table 1 [19-26].

Table 1. Partial parameters of the model for the resistively modulated PLCC technology in the
streetlamp monitoring system

Sections Parameters
Source Voltage 10 [kV] with deviation 7%
The secondary voltage of the transformer 220 [V]
Distance of secondary side 2.5 [km]
Distance between 2 adjacent street lamps 25 [m]
Wire 16mm=copper wire with 1.92 [Q/km] at 20 [°C]
Digital resistor 10 [kQ]. Resolution is 8 [bits]. Conversion speed
can be 100 [KSPS].
Street lamp: ZY904-111 The power is 100 [W]. The voltage is 220 [V].
Voltage sensor Resolutions are 12 [bits], 14 [bits], 16 [bits], and

20 [bits] corresponding. Up, corresponds to 2
[V], 1.6 [V], 2 [V], 4.096 [V].

The remaining parameters can be calculated based on the values provided in Table 1:
i. The winding ratio of the transformer is Ne/N. = 10 kv /220 VV =500/ 11.

ii. The number of street lamps is M = 2.5 km/25 m = 100.

iii. The resistance of each street lamp is Rs.m = (220 V)?/ 100 W = 484 Q.

iv. The resistance of each cable is RpL =25 m * 1.92 Q/km = 0.048 Q.

v. The measuring resistance can be calculated as follows:

To prevent um from exceeding the measurement range of the ADC due to changes in Uy, adjustments
to um should be made accordingly, as specified in Eq. 8.

Rm | _
|uS Ry+Rgl uSR +<N—E)2R <Upp/2 (8)
NL
Which leads to Eq. 9.
R
USmax NEMz < Upp/ 2 (9)
RM+(E) RLmin

Where uSmax = V2 %220 % (1 + 7%) ~ 333V, accounting for a deviation #7% in the source voltage.
The minimum of R is Rumin = 1.3432Q, considering that the minimum value of each digital resistance
IS Romin = 1/2°8 * 10kQ = 39.0625Q. Eq. 10 can be derived from Eq. 9 to limit the Rwm.

(NE)2

—] R U,

N imin " 2775Upp
2usmax - Upp 666V - Upp

Ry <

(10)

In addition, the value of Ry should be as close to the maximum as possible to improve the accuracy
of the measurement.

vi. Noises
In the PLCC channel of the streetlamp monitoring system, there are five types of noises: colored
background noise, narrowband noise, power frequency synchronous periodic pulse noise, power
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frequency asynchronous periodic pulse noise, and random pulse noise [10, 27, 28]. The Middleton-
A noise model is used to represent the characteristics of pulse noise with high amplitude and
suddenness [10], which can model the noises in the PLCC channel. The noise sample points of the
Middleton-A model are generated by combining background Gaussian noise and random pulse noise.
The probability density function of the Middleton-A model is given by Eq. 11 according to [29].

|x|2

00 1 - U?n
fXMA(x) = ZmMA=0—2‘umMAe 2 MA (ll)

Imma
Where,
_ (Apa)™MA

gy = €A 12
JrZrLMA = mMAl/f}W;:rMA o’ (13)

Where o2 represents the sum of background Gaussian noise variance (o42) and pulse noise variance
(6i?), while the noise power ratio is denoted as I'via = a¢?/ai?. Aua Stands for the overlap index of pulse
noise, with a higher Aua indicating a model with more pulse noise. As Aua approaches infinity, the
model approximates a Gaussian distribution. Middleton-A noise sample points can be generated by
Eq. 14.

nyaA=Xg 1/ Kpay; (14)

Where xg and y, represent two Gaussian sequences with the same mean of 0, with variances 4> and
oi?lAwa respectively. Koq denotes Poisson distribution variables, with a mean of Aya. And Eq. 15 is
applicable according to [30].

oito;=1 (15)

Table 2 presents four types of the Middleton-A noise model parameters used in [10] and [31].
Table 2. Four types of the Middleton-A noise model parameters

Anva Tva
10 2
10 0.1

0.02 2
0.1 0.1

3.2. Design of Binary Resistive Modulation Technique

Information Resistive Resistive

Source »| Modulation P Channel =1 o odulation [ ] Receiver

Figure 3. Resistive Communication process

As shown in Fig. 3, the communication process contains information source, resistive modulation,
channel, resistive demodulation, and audience. This paper focuses on designing resistive modulation
and resistive demodulation.
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3.2.1. Binary Resistive Modulation.

In this paper, the high resistance (Rnigh) of the digital resistor represents binary ‘0’, and the low
resistance (Riow) Of the digital resistor represents binary ‘1’. This resistance affects the current through
the primary side of the transformer, as described by Eq. 5. The two types of resistance are defined as
follows:

. Rhigh = 10kQ.

Rnign 1S set as the maximum value of the digital resistor to save more energy. While <0’ is sent, the
high secondary equivalent resistance Rinigh~ 6.14Q, according to (7), and the high primary equivalent
resistance Renigh = (Ne/NL)?Rinigh = 12658Q.

” Rlow =~ 399
Riow Must be less than Rnigh. SO Riow is one case of (n/ (28) * 10kQ), where n=1, 2, ..., 254. While
‘1’ is sent, the primary resistance Rejow depends on the value of Riqw and the location where the signal

occurs. Fig. 4 illustrates the effect on Rejow Of varying the location Rpm from m =1 to m = M, with
different Riow = n/ (28) * 10kQ for n range from 1 to 254.

1

0.9

|

1086

§ 5.9
o :
58
104
57
0.3
56 . _
200 \\\\\.\ | h‘kmo |
o T {') 0‘1
100 S
50 S 0
n ) 0 m

Figure 4. The effect on Re of varied Rpm with different Riow
From Fig. 4, It can be observed that:

i. For the same Rpm with the same m, a smaller n results in a smaller Rejow. Therefore, to get the
smallest resistance value, n = 1 is chosen, giving Riow = 1/256 * 10kQ ~ 39Q.

ii. For the same Rjow With the same n, Rejow increases with m. To ensure the design meets requirements
in all cases, m =100 is used in the experiments as the maximum value. At this point the low equivalent
resistance on the secondary side Riiow = 5.8Q2 and the corresponding low equivalent resistance on the
primary side Reiow = (Ne/NL)?RLiow = 11989Q.

As discussed, the binary resistive modulation technique is used to modulate binary data as detailed in
Table 3.

Table 3. Binary Resistive Modulation Technique

Binary Rom [©Q] Re [Q]
‘0 Rhigh =1><10* Rhighe ~12658
‘r Rlow =39 Riowe <11989
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3.2.2. Resistive Demodulation.

Measure the voltage and
current signals of the source

Synchronize the
voltage and current

Calculate the
resistance signals

v

Obtain binary data

End

Figure 5. The process of resistive demodulation
The process of the resistive demodulation is shown in Fig. 5:
i. Measure the voltage and current of the source.
ii. Synchronize the voltage and current signals by calculating the phase difference ¢.
iii. Acquire the resistive signals using Eqg. 5.

iv. Divide the resistive signals into groups of Fapc/Fpr points, where Fpr is the changing frequency
of the digital resistor and Fapc is the sampling frequency of the ADC. The median of each group is
then taken as the value of the group, denoted Rg.

v. Obtain the binary data by comparing Rg with a threshold value: when the Rg is greater than the
threshold value, binary 0’ is obtained; when Rg is lower than the threshold value, binary 1’ is
obtained.

However, there are three issues in the resistive modulation and demodulation process caused by noise
and measurement errors: i. Unbalanced probability density of measured resistance caused by noise
and measurement errors. ii. Uneven distribution of errors caused by errors in the phase difference ¢.
iii. The amplification effect of source voltage errors on calculating resistance. When the current
through the primary side of the transformer approaches zero, errors in resistance calculation due to
source voltage inaccuracies are amplified.

i. Unbalanced probability density of measured resistance caused by noise and measurement errors.
EqQ. 16 is used in the resistive PLCC system.

usg us+Aug
Rge = —=—Ry = (
MG up+Auy

—DRy (16)

Where Reg is the measured equivalent resistance from the primary side to the secondary side, usc is
the measured source voltage. imc is the measured current through Rm, Aug represents the error in the
source voltage, and Au,, is the error in um. It can be noted that Au,, in the denominator will cause
an unbalanced probability distribution of R, which is shown in Fig. 6.

Fig. 6(a) illustrates the probability distribution of the measured high equivalent resistance Rypigngc
(when Rpioo = Rnigh), whose peak deviates to the left of the ideal value Rp;4ng (the ideal value shown
by the dotted line). Fig. 6(b) shows the probability distribution of R,,,,z; (When Rpioo = Riow), Whose
peak deviates to the left of the ideal value R;,,,; (the ideal value also marked by the dotted line). Fig.
6(c) combines Fig. 6(a) and Fig. 6(b), with the right dotted line representing the midpoint of R;,,, 5
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and Rpigne, and the left dotted line showing the intersection point of the two probability densities.
Setting the threshold at the midpoint resulting in a total probability that can be resolved is Pmid = (P,
+ Py + P + Piv + Pui) / 2. However, setting the threshold at the intersection point yields a higher
total probability Pinter = (P1 + Py + Py + Piv + Py + Pyy) / 2. Therefore, the threshold should be set at
the intersection point, to achieve the highest demodulation quality.

-+ “
%10 35 210 . . 357

3 3

35

~
N
o

@

~
N

B
Probability Density

Probability Density
Probability Density

o

(b) (©)

Figure 6. Unbalanced probability distribution of Rg; when Rpioo = () Riow, (0)Rnigh, and (C) Riow
and Rhigh

Fig. 7 illustrates the impact of different thresholds on the Bit Error Ratio (BER) in two cases: us > 0
and us < 0, the dotted line represents the midpoint of Renigh and Reiow. i. When us > 0, the threshold
that results in the lowest BER is to the right of the midpoint. ii. When us < 0, the threshold that results
in the lowest BER is to the left of the midpoint.

05

0.45

1 1 Ll 1 1 |
1.19 1.2 1.21 1.22 1.23 1.24 1.25 1.26 1.27
Threshold (©2) «10%

Figure 7. Relationship between the BER and thresholds

ii. Uneven distribution of errors caused by errors in the phase difference ¢.

0.12

Errors of ¢ (degrees)

1 2 3 4 5 6 7 8 9 10
Sample Frequency (MSPS)

Figure 8. The relationship between errors in ¢ and the sample frequency of ADC

286



As shown in Fig. 8, the error in ¢ caused by noise and measurement errors is related to the sample
frequency of ADC. As sample frequency increases, the error in ¢ decreases, which in turn affects
communication quality. As shown in Fig. 9, the BER decreases as the sampling frequency of ADC
increases.

50

@] @] @] (0] o @]

1 2 3 4 5 6 7 8 9 10
Sample Frequency (MSPS)

Figure 9. Relationship between BER and sample frequency

According to Eq. 17, a given error (d¢) in ¢ will result in varying errors (dus) in us depending on the
time (t) at which the error occurs.

% __dsin(wt+gys) _ dsin(ot+oyp+d)
dp de N de

= cos (wt + ¢y + D) a7

Where  is the angular frequency, ¢,,,, is the initial phase of um, and ¢, is the initial phase of us.
To address the issue, two approaches can be applied:

(@) Increase the sampling frequency of ADC to reduce errors in ¢.

(b) Avoid the regions where the error in us is highly sensitive to the error in ¢.

iii. Amplification effect of source voltage errors on calculating resistance.

As shown in Eq. 18, the error (ARg) in Re caused by the error (Aug) of us increases as the absolute of
current i decreases. Specifically, as i approaches zero, ARy is amplified significantly.

ARp==5 (18)

To address the issue, two approaches can be applied:
(@) Improve the ADC resolution to reduce the measurement errors.
(b) Avoid regions where the current approaches zero.
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Figure 10. Dead zones where (a) current approaches zero and (b) where the error in us is highly
sensitive to the error in ¢

Considering the last two issues, the regions to avoid are shown in Fig. 10. Fig. 10(a) shows the regions
where the current approaches zero, while Fig. 10(b) shows the regions where the error of us is highly
sensitive to the error in ¢. The two types of regions are referred to as “dead zones” in this paper. The
actual communication should be limited to the regions near the peaks. The proportion of the limited
communication regions to the total communication time is termed the “time availability of
communication” (Pc).

Pc=-5x100% (19)

Where Tc is the time available for communication within one period, and T is the total period.

Based on the previous discussion, two approaches can be used to improve communication quality: i.
Increase the ADC resolution, to reduce measurement errors. ii. Decrease the time availability of
communication (Pc) to avoid dead zones.

In Fig. 11, Ry, represents the resistance measurement result, Renigh represents the high level of the
equivalent resistance Re from the primary side of the transformer to the secondary side, and Rejow
represents the low level of Re. The horizontal axis shows the resistance value, and the vertical axis
divides the whole plane into left and right parts by the midpoint between Renigh and Reiow.
Observations include: i. In Fig. 11(a), with a 12-bit ADC resolution, the mapping appears more
cluttered, with points overlapping and making them difficult to distinguish. ii. In Fig. 11(b), with a
20-bit ADC resolution, the mapping is clearer while the points are more distinctly separated into left
and right groups, improving distinguishability.
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Figure 11. Constellation Diagram with ADC resolution (a) 12 bits and (b) 20 bits
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Fig. 12(a) shows that the BER decreases with both increasing ADC resolution and decreasing Pc; ii.
Fig. 12(b) shows that the transmission rate decreases as Pc increases.

3.3. System Performance

Based on the analysis above, to balance BER and transmission rate, the communication system is
configured with a time availability of communication Pc set as 90% and the MAX11905 ADC is
selected, featuring a 20-bit resolution, a Uy, of #£3.6V, and a sample frequency of 1.6 MSPS.

Testing the designed binary resistive modulated PLCC system model using the specified parameters
yielded the results shown in Table 4. The communication rate can reach 90 kbps, and BER is 0.1%,
which is acceptable for the intended applications. Additionally, the system can transmit signals across
the transformer, where the resistive signals are enhanced by 46 dB. And it allows the system to
transmit signals over 2.5 km as the resistive signal attenuation in the power line is less than 1 dB/km.

Table 4. The performance of the designed resistive modulated PLCC technology in the streetlamp
monitoring system

Metrics Values
Resistive signal attenuation in this power line < 1dB/km
Resistive signal enhancement in the transformer 46 dB
BER 0.1%
Communication rate 90 kbps
Communication distance 2.5km

4. SUMMARY

By comparing different techniques and parameters, this paper establishes a model of the PLCC system
with binary resistive modulation for streetlamp monitoring. Experimental results demonstrate two
advantages of introducing the resistive modulation technique: i. The system reduces the signal
attenuation in the power line, allowing for long-distance communication; ii. The system enhances
resistive signals as they pass across the transformer, enabling transmission across transformers.
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