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Abstract—Digital Load-Side Transmission (DLT) is a twowire bound power line communication methodology that has
been speciﬁcally developed for general lighting applications and
transmits data over mains. This paper proposes three DLT
receiver concepts and compares them to one other regarding
robustness, complexity and power consumption. All of these
detectors have been realized and tested in hardware. To evaluate
robustness in terms of utility grid variations, 24-hour long term
measurements have been taken for each concept, when connected
to 50 Hz mains. A telegram error rate (TER) has been measured
for all setups, while the power consumption of the implemented
receivers has been determined by Simulation Program with
Integrated Circuit Emphasis (SPICE) simulations. A fully digital
approach and an active analog bandpass based structure seem to
be the most promising solutions as they feature comparable TERs
of 44 and 80 parts per million (ppm), respectively. All presented
topologies can be monolithically integrated on a chip to facilitate
development of highly integrated, intelligent LED drivers.

less noise on lower frequencies [8]. A suitable approach is
the P-BUS system [7], which is yet limited to operate on low
voltage direct current (DC) power only.
Since luminaires have to be attached to mains anyway, it
is favorable to utilize a PLC technology that transmits data
over the alternating current (AC) grid voltage as no additional
wiring would be required in that case. Hence, a novel PLC
technology called ’Digital Load-Side Transmission’ (DLT) has
been speciﬁcally developed for general lighting applications in
homes and small ofﬁces and is about to be standardized [9].
A functional block diagram of an intelligent LED lighting
system with DLT communication is depicted in Fig. 1. More
information about the DLT methodology is provided in the
next section.
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Light emitting diodes (LED) have been introduced into
general lighting applications due to several beneﬁts in contrast
to conventional light sources, such as high efﬁciency, long
lifetime and the absence of toxic compounds [1]–[3]. In fact,
LEDs are about to become the predominating illumination
device in homes and ofﬁces. Further signiﬁcant power savings
can be achieved on a system level, if a certain level of
intelligence is applied to the luminaires. Intensity, location and
time of illumination can hence be controlled precisely [4] and
offer in conjunction with sensor nodes the ability to operate
automatically or react on predeﬁned events, such as presence
detection or breaking dawn.
In order to enable such smart functionality, the LED
based luminaires have to be equipped with a communication
unit. In literature, different approaches from wireless solutions
like Zigbee or Bluetooth up to modern power line communication (PLC) methods, such as Orthogonal FrequencyDivision Multiplexing (OFDM) [5], [6] or P-BUS [7], have
been proposed to overcome that issue. Wireless communication
techniques are usually more complex than PLC systems [7] and
thus might require additional hardware effort. High data rate
approaches for power line communication using OFDM suffer
from interference caused by LED luminaire power supplies [8]
and might require circuitry of relatively high complexity. Since
a low data rate is sufﬁcient for controlling an intelligent
luminare, a low frequency approach is beneﬁcial for LED
lighting applications. In addition, LED power supplies emit

978-1-4799-4980-9/14/$31.00 ©2014 IEEE

249

Fig. 1. System Concept of an intelligent luminaire embedded in a DLT
communication structure.

In this paper, mains or grid voltage refers to the European
utility grid using a root mean square (rms) voltage of 230 V
and a frequency of 50 Hz. Thus, all receivers have been
designed for these speciﬁcations. However, adoption of the
developed detectors to other utility grids is possible with minor
changes. In total, three different receiver topologies for DLT
communication systems are presented in this work. Section II
provides the relevant information on DLT for designing an
appropriate receiver. Subsequently, the three different receiver
topologies are presented in section III, while section IV comprises measurement data and performance evaluation. Finally,
section V concludes this work and sums up the relevant results.
II.

P OWER L INE C OMMUNICATIONS WITH DLT

DLT is a unidirectional, low data rate power line communication methodology operating directly on AC mains and is
specialized for general lighting applications. A DLT ’control
device’ replaces a conventional phase-cut dimmer or a light
switch. To maintain compatibility with existing installations,
it has to be connected in series with one or more parallel connected intelligent luminaires (’control gears’). DLT encodes
two information bits per half-wave and therefore transmits control commands in a telegram structure over several half-waves

of mains. Since DLT is a two-wire communication system, it
is a very simple and robust technology that is also compatible
to existing wiring, which may not feature a neutral wire at the
switch connection port. Furthermore, DLT does not require
any band elimination ﬁlter as it just inﬂuences the supply line
between the control device and the control gears. Hence, it is
possible to operate multiple DLT control devices, each with
its own control gears, on a single phase without interference.
Additionally, DLT is compatible to conventional light sources
like compact ﬂuorescent lamps (CFL) and incandescent lamps.
Therefore, it has several distinct advantages over most other
PLC systems.
The upcoming DLT standard [9] divides every half-wave
of the grid voltage into three periods, namely a supply period,
an operating period, and a data period. The supply period
can be further divided into three phases, which are one high
current (HC) surrounded by two low current (LC) intervals.
Fig. 2 illustrates the described classiﬁcation by means of a
measured voltage signal of one half-wave supplied to a DLT
control gear. The supply period is used to power the control
device while the operating period supplies the control gear.
During the data period information is passed from the control
device to the control gear. As indicated in Fig. 2, the crossover
from supply to operating period and from operating to data
period happens at the predetermined voltage VSW .
350

As mentioned above, a complete DLT command, e.g.
brightness, is transmitted over several half-waves in a telegram
structure. A telegram consists of the following sections:
•

Start-of-telegram (SoT) frame (ﬁrst 5 half-bits high)

•

Group number (2 information bits)

•

Telegram type (3 information bits)

•

Parity (1 information bit)

•

Payload data (length depends on telegram type)

Fig. 4 exemplarily illustrates a complete brightness telegram
sent over eight consecutive half-waves.
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III.

DLT voltage waveform measured at the input of a ’control gear’.

For designing a suitable DLT receiver, two main aspects
have to be considered as pointed out in the following. First,
the intelligent luminaire needs to have a bypass structure in
order to provide the required high and low current ﬂows during
the supply and data periods. Second, the deﬁnitions of data
encoding within the data period and telegram structure have to
be known for proper decoding. Every half-wave contains a socalled data frame, which can be subdivided into six ’half-bits’
as follows: One start-of-frame (SoF) half-bit, two Manchestercoded information bits (four half-bits) and one stop half-bit.
Fig. 3 illustrates the correlation of timing and voltage of
the modulated data, where tHB speciﬁes the duration of one
half-bit and Vdata the modulation depth. Referring to a single
frame the decoder has to distinguish ﬁve different cases. The
Manchester coded information bits with their corresponding
half-bit sequences are listed in Table I.
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DLT R ECEIVER C ONCEPTS AND I MPLEMENTATION

The ultimate design goal is to ﬁnd a DLT receiver solution
that can be integrated on a chip because that would enable
intelligent and efﬁcient LED drivers with a small form factor.
Therefore, this work can be seen as a pre-study for a later
integration to ﬁnd the most promising receiver approach.
However, the demand of integration feasibility puts special
restrictions on the detector design as sizes and values of
utilized components are limited.
Since the detector has to record the DLT data from every
half-wave of the grid voltage, the rectiﬁed mains frequency
of 100 Hz is present in the signal spectrum. However, the
DLT data signal frequency is just one to two decades higher
than that, depending on the transmitted data. Therefore, a
typical bandpass ﬁltering of the complete DLT signal, which
might have been the most obvious solution, comes along with
two main problems. At ﬁrst, a bandpass structure with high
attenuation is required to suppress the inﬂuences originating
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Measurements of ﬁlter signals for the different receiver topologies.

from the grid frequency, but a higher order bandpass would
increase design complexity. Second, and even more restrictive,
the component values of capacitors and resistors would be
relatively high. Therefore, an approach employing a band
pass ﬁlter with a center frequency of about 10 kHz becomes
impractical for an integrated solution. Considering the ﬁnite
slew rate of the modulated data, a better solution can be
found. Obviously, the edges in the data signal comprise higher
frequency components. Thus, building an edge detector would
lead to a higher center frequency of the bandpass ﬁlter and
hence smaller component values. Within this work three different DLT receiver topologies have been developed as shown
in the following. All of these concepts rely on edge detection.
A. Detector #1: Active Bandpass with Schmitt-Trigger
The ﬁrst DLT detector concept consists of a typical active
bandpass structure, which can here be seen as a differentiator,
in conjunction with a Schmitt-Trigger. Fig. 6 illustrates the
proposed ﬁlter structure.
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This DLT detector concept is purely analog and straightforward
to implement with low complexity, which makes it attractive
for an integrated design. However, the received Manchestercoded data bits of a single half-wave need to be decoded
and reassembled to a complete telegram in the digital domain.
Fortunately, the Schmitt-Trigger operates as a 1 bit analog-todigital converter (ADC) and hence already performs a signal
digitalization. Because the Schmitt-Trigger has furthermore
taken care of signal reconstruction, the decoder only needs
to evaluate the received frames and reassemble them into
complete telegrams. The digital decoding has been fully implemented on a microcontroller for veriﬁcation purposes.
To decode the received information the decoder simply
applies a counter, which measures the time between two
adjacent edges. In this way the binary data of each half-bit
is easily decoded and can then be stored in a register. The
information bit values have to be restored afterwards by a statemachine according to the ﬁve independent cases described in
section II. Fig. 7 shows the ﬂowchart of the decoder’s half-bit
evaluation.

+5V
Level Change

51k
C2
49p

R6
27k

low

R8
R7
39k

Vout

1x “1”

yes

25 μs –
75 μs
no

33k
2x “1”

yes

75 μs –
125 μs
no

Active bandpass filter

Fig. 6.

2

1

Schmitt-trigger

5x “1”
(SoT)

(1)

251

high

25 μs –
75 μs

yes

1x “0”

no
75 μs –
125 μs

yes

2x “0”

no
> 5 ms
no

yes

5 half-bits?

yes

no
4 half-bits?

Reducing the capacitance of capacitor C2 enables tuning
of the effective center frequency of the active bandpass ﬁlter
and increases its bandwidth, as can be seen from equation 1. In
doing so, it has been possible to test and verify two different
implementations of this receiver concept. Capacitor values of
C2,a = 49 pF and C2,b = 25 pF have been used resulting in
center frequencies of around 88 kHz and 125 kHz, respectively.
Fig. 5a and 5b show the ﬁltered signal for C2 = 49 pF.
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Schematics of detector #1: Active bandpass with Schmitt-Trigger.
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Flowchart of the implemented DLT frame decoder.

Frame
complete

Every time an edge occurs, the routine evaluates the current
logic level. Depending on the time difference to the previous
edge, the respective half-bit value(s) is (are) saved in a register.
For the ﬁrst positive edge of a frame the decision engine
will always follow the right path and check whether a long
time (here: 5 ms) has passed, because the last data period has
preceded the current one for almost 10 ms. This step is necessary to identify the start of a new frame. After recognizing the
start of a new frame, the state machine checks whether four
or ﬁve half-bits have been recorded in the previously recorded
frame. In case of a four half-bit sequence an additional ’zero’
has to be added, because the last half-bit has not generated an
edge, as it equals zero. Subsequently, the evaluation subroutine
is called, which converts the half-bit sequences to information
bits according to Table I and then performs the telegram
evaluation. The ﬂowchart for this telegram reconstruction and
evaluation is illustrated in Fig. 8 for the three most relevant
telegrams.
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The second detector concept divides the amplitude of the
grid voltage down into the 3.3 V domain of the microcontroller
performing the analog to digital conversion by an 11 bit ADC.
A measurement of the ADC input voltage is depicted in
Fig. 5c. The ripple is caused by the ADC sampling on the
high-impedance signal. The sampled waveform is subsequently
passed through the digital ﬁlter as depicted in Fig. 9.
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It can be seen that error detection has been introduced on
half-bit, frame and telegram level. Telegram length and parity
bit represent a further security mechanism to prevent from
decoding false signals. If an error is detected within any of
these levels, the entire telegram is ignored. Hence, determining
a bit error rate (BER) is not only difﬁcult, but simply not
feasible due to the DLT structure. However, a quantitative
statement about a ‘telegram error rate’ (TER) can be made
instead. This measure is important for evaluating robustness
of the different receiver topologies as explained later.
B. Detector #2: Resistive Divider with Digital Filtering

yes

no
Length =
Target?

follow the left-hand part of the ﬂowchart. Within this path
the two information bits of the current frame are added to
the current telegram, unless the telegram length has exceeded
its target limit. Afterwards the telegram length is increased
by two. When a length of six is reached, the telegram type
can already be determined. The target length for the current
telegram is now set corresponding to the telegram type. The
following information bits represent the payload data of the
telegram and are simply added to the current telegram. When
the next SoT-frame occurs, the previously received telegram is
evaluated. The described algorithm has also been implemented
on the microcontroller.
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Fig. 9. Schematics of detector #2: Resistive Divider with Digital FIR Filter.
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Fig. 8. Flowchart of the DLT telegram reconstruction and evaluation for the
most common telegram types.

At ﬁrst, it is checked whether the frame indicates the start
of a new telegram. This step is performed for synchronization.
Once a SoT-frame has been received, the previously recorded
telegram is evaluated. In case no telegram has been detected
yet (start-up), the examination of actual and target telegram
length will yield a ’no’ because the actual telegram length is
initially set to zero and the target length is initialized to be
inﬁnite. When receiving regular data frames, the decoder will
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The delay elements form in conjunction with the sampled
input signal and the subtraction element a third order ﬁnite
impulse response (FIR) ﬁlter that acts as a differentiator. The
resulting signal is fed into a window comparator, which detects
rising and falling edges and passes the corresponding logical
levels to the AND gates and delayed by one clock cycle
to the ﬂipﬂop inputs. The SR-ﬂipﬂop and the AND gates
prevent the detection of consecutive edges of the same polarity.
Determining the time between two detected edges allows for
measuring the time of logical ’low’ and ’high’ periods of
the data signal. In this way the transmitted information bit
can be evaluated similar to the software procedure applied to
the active bandpass ﬁlter illustrated in Fig. 7. Although the
ﬂowchart would look slightly different, it is not presented here
due to lack of space. The telegram evaluation procedure shown
in Fig. 8 is applied for this ﬁlter without modiﬁcation.
This second receiver architecture is slightly more complex
compared to the ﬁrst one because the effort of implementing an
on-chip ADC is assumed higher than the design of operational
ampliﬁers. Still, the overall complexity is evaluated to a
medium level.

C. Detector #3: Differential Analog Subtraction Filter

A. Power Consumption

The third receiver concept follows the idea of a subtraction
in the analog domain in order to directly generate the desired
data signal at its output. Fig. 10 presents the circuit implementation. At the negative opamp input, the DLT modulated
mains signal and an ideal inverse sinewave are added. This
corresponds to a subtraction of an ideal, non-inverted sinewave
from mains. Because the two signals should ideally only differ
from each other by the modulated DLT data, the lowpass
ﬁltered output is expected to deliver the desired data signal
directly. Fig. 5d shows an example of this signal, which is
then converted into the digital domain. The digital processing
is identical to that of the fully digital approach presented in
subsection III-B. The telegram evaluation routine used in the
other two concepts is employed in this approach as well. Since
an additional digital-to-analog converter (DAC) is required for
this concept, the complexity is higher in contrast to the other
concepts.

The power consumption could only be evaluated by means
of SPICE simulations as it was not possible to physically
measure the overall current consumption. For each concept
the power consumption of the voltage dividers, opamps and
reference voltages including power drawn from mains have
been included in the computations. Table II sums up these
simulation results. However, the power consumption of the
microcontroller is not included in this calculation, which
results in a distinct advantage for the digital approaches. To
fairly compare all topologies to each other regarding power
consumption, a rough estimation for a solution on an application speciﬁc integrated circuit (ASIC) is provided as well.
For a complete DLT receiver, the power consumption of the
bypass circuits and zero crossing detector also has to be taken
into account. This power consumption is independent of the
chosen detector concept and can hence be neglected for the
comparison.
TABLE II.
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Schematics of detector #3: Differential analog subtraction ﬁlter.

IV.

M EASUREMENTS AND P ERFORMANCE E VALUATION

All receiver architectures have been implemented in hardware with a microcontroller used for digital signal processing,
decoding and evaluation. A photo of the test board is shown
in Fig. 11. The microcontroller cannot be seen here because it
is situated on a second board.

SPICE Simulation

37.72 mW

25.73 mW

64.59 mW

≤ 6.5 mW

≤ 7.2 mW

≤ 10.5 mW

It is clearly noticeable that the simulated power consumption of all receivers appears relatively high. This is
due to several reasons: The usage of discrete, non-optimized
opamps, the usage of resistive dividers for bias voltages and
a non-optimized control, i.e. the detectors could be partly
switched off in the DLT operating and supply periods. For
the ASIC estimation the following assumptions have been
made: The power consumption of the integrated opamps was
assumed to equal 2 mW maximum, which is a fairly worstcase approximation for these kinds of ampliﬁers. The resistive
divider for the second detector concept has been dimensioned
to (R1 + R2 ) = 20 MΩ and R3 = 270 kΩ leading to a
power dissipation of approximately 2.6 mW considering a
full-scale deﬂection of 1.8 V at 135 V input voltage. The
power consumption of ADC and DAC can be estimated by
equation 2 under the assumption of a total input capacitance
of CADC,in = 8 pF, a sampling frequency of fs = 100 kHz and
digital supply voltage of VDD,dig = 1.8 V. For all concepts an
additional safety margin of around 2 mW is considered in the
computation.
=
=

The comparison of the different receiver architectures
mainly focuses on robustness, complexity and power consumption, while considering a later on-chip integration. Therefore,
the mentioned aspects have to be reasonably balanced for a
suitable trade-off. Circuit complexity of the three topologies
has already been compared in section III. Power consumption
and robustness are described more detailed in the following.
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Detector #3

Expected for ASIC

PADC

Fig. 11. Photo of the test board including all proposed DLT detector concepts.

Detector #2

2
fs · CADC,in · VDD,dig

(2)
2

100 kHz · 8 pF · (1.8 V) ≈ 2.6 mW

Obviously, the third detector architecture performs worse in
both cases, whereas detector concepts #1 and #2 are comparable regarding power consumption. The main contributor
to the power consumption of concept #3 originates from the
relatively low impedance of its mains fed input. An input
impedance of R1 + R2 = 20 MΩ, as used for the estimation
of the fully digital approach, would be possible but leads to a
high value for R5 . This would require a prohibitively large area
in an ASIC solution and results in increased costs. Therefore,
the third DLT receiver topology is disadvantageous and should
only be considered for implementation, if its performance with
respect to the TER is signiﬁcantly better than that of the

other two approaches. Still, a ﬁnal conclusion can only be
drawn after a complete evaluation of receiver robustness and
reliability.

TABLE IV.

C OMPARISON OF PROPOSED DLT RECEIVER TOPOLOGIES .
Detector #1

Detector #2

Circuit Complexity

Low

Medium

Detector #3
High

Telegram Error Rate

87 ppm

44 ppm

1440 ppm
49.5-50.4 Hz

B. Robustness

fgrid Input Range

40-60 Hz

49.1-50.4 Hz

To evaluate the robustness of the receiver topologies, a 24hour long term measurement has been taken for each concept
while connected to regular 50 Hz mains. Hence, the DLT
detectors were tested under real operational conditions and
exposed to typical distortions on the European utility grid.
The amount of faulty as well as correctly decoded telegrams
was recorded for the entire measurement time. In this way, a
telegram error rate, as mentioned above, can be determined
for every receiver approach. Table III gives an overview of the
amount of recorded and faulty telegrams for all detectors. The
corresponding error rates have been calculated. The peak error
rate per minute was below 0.55 % for detectors #1 and #2
and almost 15 % for detectors #3. This indicates clearly that
the concepts #1 and #2 perform signiﬁcantly better than
concept #3.

SPICE Simulation

37.72 mW

25.73 mW

64.59 mW

Expected for ASIC

≤ 6.5 mW

≤ 7.2 mW

≤ 10.5 mW

TABLE III.

E VALUATION OF TER IN 24- HOUR MEASUREMENTS .

Detector

Recorded

Detected

TER

Concepts

Telegrams

Errors

in ppm

#1 (C2 = 49 pF)

1083037

87

80

#1 (C2 = 25 pF)

1079471

61

57

#2

1131627

50

44

#3

1080507

1556

1440

as zero crossing detection or generation of the DLT timings for
high- and low-current supply phases, the slightly higher power
consumption and complexity might be justiﬁed. On the other
hand, some IC technologies are purely analog. In conclusion,
the ﬁrst two concepts have proven functional with very good
performance and robustness and are both suited for highly
integrated, intelligent LED drivers.
ACKNOWLEDGMENT
This work has been funded within the ”EnLight - Energy
efﬁcient and intelligent lighting systems” project by the
ENIAC Joint Undertaking (project ID: 270707-2) and the
German Federal Ministry of Education and Research (FKZ:
16N11438, Subproject: Erforschung von Elektronikbausteinen
für energieefﬁziente, intelligente Beleuchtungssysteme).
The authors would especially like to thank the company
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In a second test setup the DLT control device and the
receivers under test were connected in series to a synthesized
AC voltage. By changing the frequency, reactions to grid
frequency variations can be observed. The results are listed
in Table IV. Although the allowable frequency variations
seems quite limited for detector concepts #2 and #3, these
approaches could also be used for different utility grids, such
as the one in the United States of America (USA) running
at 60 Hz, by adapting the digital ﬁltering correspondingly. All
concepts show reasonable results for this test case and are
hence well suited for the desired application.

R EFERENCES
[1]

[2]

[3]

[4]

V.

C ONCLUSION

Three different receiver topologies for a novel power line
communication methodology called ’Digital Load-Side Transmission’ (DLT) have been proposed in this work. All detector
concepts have been implemented in hardware and a comprehensive comparison regarding complexity, power consumption
and robustness has been conducted. Special restrictions have
been made on the topologies as they are meant for being
integrated on chip. The comparison has further been conﬁrmed
with measurement results. Table IV sums up all relevant results
of the performed DLT receiver comparison. It can be seen that
detector topologies #1 and #2 surpass the third approach
in all tested categories. Hence, these two receiver concepts
are evaluated to be suitable for an integrated DLT receiver
solution. As both concepts show comparable performance in all
ﬁelds under test, the decision should depend on the best suited
integrated circuit (IC) technology for the application. If the
digital detector can be used for additional functionality, such

254

[5]

[6]

[7]

[8]

[9]

H.-J. Chiu, Y.-K. Lo, J.-T. Chen, S.-J. Cheng, C.-Y. Lin, and S.-C.
Mou, “A high-efﬁciency dimmable LED driver for low-power lighting
applications,” IEEE Transactions on Industrial Electronics, vol. 57, no. 2,
pp. 735–743, 2010.
K. Loo, W.-K. Lun, S.-C. Tan, Y. Lai, and C. Tse, “On the driving
techniques for high-brightness LEDs,” in Energy Conversion Congress
and Exposition (ECCE) 2009, 2009, pp. 2059–2064.
L. Lohaus, A. Rossius, S. Dietrich, R. Wunderlich, and S. Heinen, “A
dimmable led driver using resistive DAC feedback control for adaptive
voltage regulation,” in Energy Conversion Congress and Exposition
(ECCE) 2013, 2013, pp. 3126–3133.
A. Suzdalenko and I. Galkin, “Choice of power and control hardware
for smart LED luminary,” in 12th Biennial Baltic Electronics Conference
(BEC) 2010, 2010, pp. 331–334.
T. Komine, S. Haruyama, and M. Nakagawa, “Performance evaluation of
narrowband OFDM on integrated system of power line communication
and visible light wireless communication,” in 1st International Symposium on Wireless Pervasive Computing 2006, 2006, p. 6.
H. Ma, L. Lampe, and S. Hranilovic, “Integration of indoor visible light
and power line communication systems,” in 17th IEEE International
Symposium on Power Line Communications and Its Applications (ISPLC)
2013, 2013, pp. 291–296.
C. Li, J. Wu, and X. He, “Realization of a general LED lighting system
based on a novel power line communication technology,” in TwentyFifth Annual IEEE Applied Power Electronics Conference and Exposition
(APEC) 2010, 2010, pp. 2300–2304.
A. de Beer, A. Emleh, H. Ferreira, and A. Vinck, “Effects of LED lamps
on the power-line communications channel,” in 17th IEEE International
Symposium on Power Line Communications and Its Applications (ISPLC)
2013, 2013, pp. 209–213.
“IEC 62756-1 ed. 1: Digital load side transmission lighting control
(DLT) part 1: Basic requirements,” International Electrotechnical Commission (IEC), Committee Draft for Voting (CDV), 2013.

