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Abstract

Energy conservation is a key factor towards long term en-
ergy sustainability. Real-time end user energy feedback, us-
ing disaggregated electric load composition, can play a piv-
otal role in motivating consumers towards energy conserva-
tion. Recent works have explored using high frequency con-
ducted electromagnetic interference (EMI) on power lines
as a single point sensing parameter for monitoring common
home appliances. However, key questions regarding the re-
liability and feasibility of using EMI signatures for non-
intrusive load monitoring over multiple appliances across
different sensing paradigms remain unanswered. This work
presents some of the key challenges towards using EMI as a
unique and time invariant feature for load disaggregation. In-
depth empirical evaluations of a large number of appliances
in different sensing configurations are carried out, in both
laboratory and real world settings. Insights into the effects
of external parameters such as line impedance, background
noise and appliance coupling on the EMI behavior of an ap-
pliance are realized through simulations and measurements.
A generic approach for simulating the EMI behavior of an
appliance that can then be used to do a detailed analysis of
real world phenomenology is presented. The simulation ap-
proach is validated with EMI data from a router. Our EMI
dataset - High Frequency EMI Dataset (HFED) is also re-
leased.

Categories and Subject Descriptors
D.2.8 [Power monitoring, load disaggregation]: Met-
rics—measurability

General Terms
SMPS, Electromagnetic Interference (EMI), Alternating
Current (AC), Direct Current (DC)

Keywords
NILM, EMI, High Pass Filter, Buck Converter
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1 Introduction

Buildings across the globe are among the primary con-
sumers of energy (29% in USA, 24% in UK and 47% in In-
dia) [14, 1, 10]. With the rapid rate of construction and in-
troduction of new home appliances, energy consumption in
buildings is likely to increase in years to come. Due to high
transmission and distribution losses, especially in develop-
ing countries like India, it is widely accepted that “1 unit of
electricity saved at the consumer end is equivalent to 2 units
of electricity produced at the power plant” [17]. For resi-
dential consumers, energy monitoring and disaggregation for
each occupant and for each appliance helps in improved un-
derstanding of consumption practices that can subsequently,
drive 5-15% reduction in energy consumption [7, 16].

Systems for energy disaggregation can be broadly clas-
sified, based on the number of sensing locations, into two
classes - distributed direct sensing and single point sensing.
Distributed direct sensing, requiring measurement at each
appliance, is prohibitively complex from both the deploy-
ment and the maintenance perspective. Non-intrusive load
monitoring (NILM) is a technique used to disaggregate the
electric load composition of a household using single point
sensing usually at the mains power feed. Though NILM
was originally introduced more than two decades ago [15],
recent large-scale deployments of smart meters by electri-
cal utilities across the world have resulted in increased re-
search interest [11]. However, due to limited data collec-
tion capabilities of smart meters being deployed, significant
NILM research in the recent past are driven by low frequency
data (1 Hz or lower). While there is some work involv-
ing NILM using higher frequency (few kHz - MHz) power
consumption data, much of it is limited to controlled lab-
oratory experiments [21]. Recently, Gupta et al [13] pro-
posed indirectly identifying disaggregated energy consump-
tion using high frequency conducted electromagnetic inter-
ference (EMI) that emanate from electronic appliances. They
showed that EMI propagates through the power infrastruc-
ture and hence can be measured from a single point instal-
lation at the home level. A follow up work [9] showed that
EMI signals can be further used to get detailed information
regarding the operational state of an appliance e.g. the genre
of programs being watched on a television.

The main objective of our work is to present some of
the key challenges towards exploiting EMI as a unique and
deterministic signature for appliance disaggregation. While



prior work in power line EMI sensing for NILM may sound
promising, much of this work is based upon certain assump-
tions derived from limited set of experiments. For instance,
Gupta et al. [13] observed that SMPS based appliances con-
duct unique and observable EMI. However, their study was
restricted to a small set of appliances. Furthermore, they
stated that appliances with EMI filters will also conduct ob-
servable EMI but the actual impact of such filters on the EMI
signature of the appliance and other devices on the power
line was not well studied. Miro and Froehlich et al in their
work [9, 12], limited to televisions, observed that EMI signa-
tures remain time-invariant and robust to background noise.
Through an extensive set of experiments performed both in
lab setting and in a real home, on a wide range of appliances,
we show some of the limitations of the above mentioned
assumptions: only some SMPS based appliances generate
measurable EMI; coherent coupling of EMI from different
appliances on a power line may impact the measurability of
EMI from each individual appliance; inbuilt EMI filters im-
pact the conducted EMI of the appliance connected to the fil-
ter as well as neighbouring appliances on the power line; and
time-varying and non-deterministic behavior of background
noise on the power line may significantly impact the EMI
signatures of an appliance. We further highlight several ob-
servations from our measured data that demonstrate the need
for better understanding of conducted EMI before making a
case for using it reliably for appliance disaggregation. We
believe, ours is the first work that brings forth a detailed
analysis of some of the challenges of using conducted EMI
for appliance disaggregation. We release our dataset- High
Frequency Energy Dataset (HFED)' of EMI traces collected
from both the lab and the residential settings. This is the first
such dataset released from a developing country wherein the
quality of electrical infrastructure and appliances used may
have impacted the observable EMI. Finally, we augment our
empirical analysis of conducted EMI with basic simulation
models to better understand the behavior of conducted EMI
and the impact of external factors e.g. line impedance and
coupling among appliances.

Our paper is organized as follows. In Section 2, we pro-
vide a literature study of different sensing techniques for
NILM. Conducted EMI and its specific use for NILM are
presented in Section 3. In Sections 4 and 5, we present the
experimental setup for gathering conducted EMI data in labs
and homes as well as the detailed analysis of the measure-
ment data. We present a generic simulation model that can
be fine-tuned to match the EMI from specific appliances in
Section 6. This simulation model is used to understand the
real-world phenomena observed in the measurement data.
We discuss the details of our released dataset in Section 7.
Finally, we conclude in Section 8.

2 Related Work

Much of the NILM work is focused on measuring elec-
trical parameters such as voltage, power factor, active power
and reactive power at the mains power inlet in order to iden-
tify the appliances contributing to the overall energy con-
sumption [31]. Such a measurement system could be con-
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strained due to complex circuitry and limited space available
in the mains panel. On the other hand, a system based on
single point EMI sensing could ideally be placed at any lo-
cation in the home thus making it relatively more convenient
to deploy.

Apart from NILM methods utilizing electrical signatures,
several indirect techniques have been explored, in the past,
for load decomposition [18, 19, 26, 29, 30]. These include
monitoring ambient sound levels to detect sound generated
by appliances [30]; detecting light events based on the vari-
ation in light intensity [19]; measuring stray magnetic fields
generated by certain appliances [26]; and using combined
IP/Wi-Fi traffic activity data with smart meter data for esti-
mating load decomposition [18]. However, these approaches
have not been widely adopted due to the complexities of in-
tegrating a diverse set of sensing modalities across multiple
locations in home settings.

More recently, there have been extensive research ef-
forts towards developing modelling techniques to infer con-
stituent loads from power consumption data at the main me-
ter level [23, 32, 3, 21, 24, 5]. Some of these modelling
approaches include using the hidden Markov model (HMM)
[23] and its variants such as factorial hidden Markov model
(FHMM)[32], combinatorial optimization [3] and transient
based analysis [21, 24]. Some of these modelling ap-
proaches could be extended to EMI based appliance disag-
gregation. Many of the existing NILM techniques, using
low frequency signatures, either under-perform or fail due
to time-varying power consumption patterns of these ap-
pliances [2, 8]. NILM using high frequency sensing is a
field that is relatively less explored. Patel et al. used low
amplitude transients (up to a few kHz) for detecting elec-
trical events [24, 20], and showed that these events, com-
bined with smart meter data, can help in appliance disag-
gregation. Leeb et al. used low frequency harmonics up
to a few kHz to disaggregate appliances and diagnose faults
in electrical systems [22, 28]. Other studies have utilized
low frequency power signatures, either harmonics of 50 Hz
sinusoid or transient noise generated by appliance switch-
ing, to distinguish household appliances [20, 24]. Recent
works have used high frequency EMI, generated from high-
speed switching circuits to identify certain home appliances
[9, 12, 13]. These switching circuits form a fundamental
component of switched mode power supplies (SMPS) found
in most electronic appliances today.

Our work aims to establish better understanding of the
challenges of using high frequency EMI signatures for
NILM. Several of the insights discussed in this work either
refute claims made in prior work or bring forth fresh perspec-
tives based on empirical observations and simulation studies.

3 Insights into Conducted EMI

EMI is wideband (9 kHz- 30 MHz) noise, generated by
electronic appliances, that is conducted either through power
lines or radiated into the ambient environment. We focus
only on conducted EMI in this work. Conducted EMI from
many home appliances, such as LCD TVs, laptop charg-
ers, mobile chargers, modems and CFLs, arise mostly from
SMPS. SMPS are popular compared to linear regulator based
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Figure 1: Test setup used for EMI measurements. Appliances under test (AUTs) were connected through an optional low pass
filter (LPF) to the mains power line. Observations after filtering through a differential high pass filter (HPF), shown in detail in
part(b), were made either with a signal analyser or a universal software radio peripheral(USRP).

power supplies because of their high efficiency, small size
and low cost. High speed switching circuits draw non-linear
current from the power supply, giving rise to high frequency
harmonics of their switching frequencies [25]. EMI is, there-
fore, an unwanted signal that may interfere with the func-
tioning of other electronic appliances, connected to the same
power line and may degrade their performances. Several
governing bodies, across the globe, have laid down regula-
tions quantifying the maximum amount of EMI that a par-
ticular appliance can introduce into the power line. As per
IEC?, the frequency range of conducted EMI lies from 9
kHz to 30 MHz. Some of the standards governing the upper
bounds for conducted EMI are CISPR 11/EN 55011, CISPR
14-1/EN 55014-1 and FCC15/18 for industrial and house-
hold products and CISPR 13/EN 55013 for consumer prod-
ucts and radio receivers.

Each SMPS has a unique and constant switching fre-
quency based upon the power requirements of the load ap-
pliance [6]. Due to this unique characteristic, prior work
explored if EMI signals are time-invariant feature vectors
that could be leveraged for disaggregating appliances. De-
spite the standards and limits imposed on conducted EMI
by regulating authorities, previous studies showed that even
reduced levels of EMI (less than -40dBm) from some appli-
ances were observable with measuring instruments of high
sensitivity and could be exploited for monitoring loads. In
order to effectively use EMI signals for appliance disaggre-
gation, a thorough understanding of several of the following
characteristics is required:

* The impedance of a power line attenuates the conducted
EMI. Do the EMI characteristics of an appliance vary
when observed at different places within a home?

Do conducted EMI from multiple appliances interfere
with each other? Are the interference mechanisms
unique to an appliance or will they vary depending on
the other appliances that are connected to the power
line?

Does background noise from the power line infrastruc-
ture that may differ from one home to another, signifi-
cantly impact the observed EMI from an appliance?

* Do all appliances follow specified EMI standards?

International Electrotechnical Commission
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* Do all appliances of the same category, e.g. CFLs from
different manufacturers, exhibit similar EMI character-
istics?

In this work, we aim to take a step forward in answering
many of the above concerns through an extensive empirical
study performed on a set of 24 loads and 4 test setups across
lab and residential settings.

4 Experimental Setup

Figure-1 shows details of the experimental setup used for
collecting EMI data from the 230V power line, for multiple
appliances, in both the laboratory and the residential settings.
The mains power line consists of 50 Hz power signal, back-
ground noise from the electrical infrastructure of the building
(such as air handling units, variable speed drives and light-
ing sources) and EMI introduced by the appliances under test
(AUTs). To isolate the background noise for some experi-
ments, the mains power supply is replaced with Luminous
600VA uninterrupted power supply (UPS). AUTs are con-
nected to the mains either through an off-the-shelf power ex-
tension cord, having a distance of few centimeters between
plug points or, a custom built 10 meter long extension cord,
with a plug point at every 2 meters. Some off-the-shelf ex-
tension cords® come with built-in low-pass EMI filters, to
isolate the appliances from noise in the power supply. To an-
alyze the impact of such filters, an Elcom EP-15AP power
line EMI filter offering an attenuation of approximately 10
to 20 dB from 1 MHz to 100 MHz is used for some of the
experiments.

Though IEC specifies the range of conducted EMI from 9
kHz to 30 MHz, the AUTSs , in our measurements, show EMI
only up to 5 MHz. A custom built differential high pass filter
(HPF), with a cutoff frequency of 60 kHz, is used to pass this
high frequency EMI noise to the measurement equipment.
The high cutoff frequency is chosen in order to prevent the
50 Hz power signal and its harmonics from damaging the
sensitive analog front end of the measurement devices. The
detailed schematic of the high pass filter is shown in Figure-
1b. While the circuit is similar to the one previously used
in [13], the component values are slightly modified for 230V
operation. EMI is measured using either the Agilent N9OOOA
CXA signal analyser or a Universal Software Radio Periph-
eral (USRP) N200.

3Belkin BE112230-08



S.No. AUTs Brand Category Power Ratings | Location
(in Watts) Used

1 CFL1,2,3,4 Crompton Greaves [1], Bajaj [2, 3, 4] SMPS 18,15,15,5 L ,R

2 LED Lamp-1, 2, 3 Genre India [1], Unbranded [2], Cromp- | SMPS 5,3,05 L,R

ton Greaves [3]

3 Laptop Charger-1, 2 Dell [1], HP [2] SMPS 90, 65 L,R

4 Phone Charger-1, 2, 3 Samsung [1], Asus [2], LG [3] SMPS 5,7,6 L,R

5 LCD Monitor HP P191 SMPS 20 L,R

6 Printer HP P1007 SMPS 5 L,R

7 Speakers Harman Kardon SMPS 24 L,R

8 Modem Asus Router SMPS 18 L,R

9 Induction Cooktop -1, 2 | Philips [1], Maharaja Whiteline [2] SMPS [500,1300], L,R
[600,1000]

10 Microwave Kenstar - 1250 R

11 Refrigerator LG NON SMPS | 1020 R

12 Blender Inalsa NON SMPS | 180 L,R

13 Iron Philips NON SMPS | 535 L

14 Room Heater North Star NON SMPS | 1500 L

15 Television LG SMPS 60 R

Table 1: List of appliances for which the EMI measurements were done in the lab (L) and the residential (R) settings. Same
class of appliances are placed together in a row and the corresponding items in subsequent columns are comma separated to
specify the respective order. Induction cooktop measurements have two specified power ratings each representing different

operational modes.

The high sensitivity and ease of configurability of the sig-

nal analyzer, makes it useful for measurements in laboratory
settings. On the other hand, portability of USRP makes it
suitable for conducting EMI measurements in laboratory, as
well as residential settings.
EMI measurements in the lab settings are carried out with
four different configurations of the experimental setup. In
setup-1, an AUT is connected to a nearby plug point (NPP)
on the off-the-shelf extension cord. Therefore, the NPP, is
a few centimeters from the sensing plug point (SPP) where
the signal analyzer is connected. In setup-2, the AUT is con-
nected to a distant plug point (DPP), 10 meters from the SPP,
on the custom extension cord. This test is performed to study
the impact of power line impedance on the EMI measure-
ments. In both the cases described above, the low-pass EMI
filter is not connected to the experimental setup. In setup-3,
the impact of a power line EMI filter is studied by incorpo-
rating a low-pass filter to setup-1. In these three cases, ex-
tension cords are connected directly to the AC mains power
supply. In setup-4, a UPS having 3 power outlets, few cen-
timeters apart, is used to power the AUTs. Since the UPS
is independently powered, it is isolated from the noise in the
building’s electrical infrastructure. Due to the limited power
capacity of the UPS, EMI measurements with setup-4 could
only be carried out for medium and the low power AUTs.

In all four cases, EMI measurements are carried out with
both individual AUT or a combination of AUTS, from 10 kHz
to 5 MHz. Additionally, background noise on the power line
is measured for each case with the AUTs disconnected from
the extension cord. Setup-1 described above is repeated in
residential settings while replacing the signal analyzer with
the USRP. Table 1 shows the list of 24 AUTs used in lab and
residential settings along with their manufacturer details and
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power ratings.

S Observations and Analysis

We now discuss the impact of a variety of sensing param-
eters on the EMI signatures of the AUTs, based on observa-
tions from the experiments.

5.1 Appliance Specific EMI Signatures

In Figure-2, we display the EMI measurements taken
from four AUTSs, from test setup-1, along with background
noise from the power line. Each appliance conducts EMI in
a specific band of frequencies. CFL1 (Figure-2a) conducts
high EMI up to -25 dBm from 80 kHz to 3 MHz; the induc-
tion cooktop (Figure-2b) conducts EMI from 3.5 MHz to 5
MHz; the LED lamp (Figure-2c), conducts EMI from 1 MHz
to 4 MHz; CFL2 (Figure-2d) does not show any noticeable
EMI. The EMI data from CFL1, CFL2 and induction cook-
top were collected in the lab while the LED lamp data was
collected in the home. The background noise traces clearly
indicate that the harmonics of the 50Hz power signal are sup-
pressed by the high pass filter. Also, the background noise
level in the lab data was consistently higher than the back-
ground noise level at home. We believe this is because of
the complex electrical infrastructure in the building where
our laboratory is located. Besides CFL2, other appliances
such as CFL3 and laptop chargers 1&2 did not conduct any
observable EMI. These results provide two useful insights -
(1) All SMPS based appliances may not conduct significant
EMLI; (2) EMI signatures of the same class of appliances such
as CFLs (Figures-2a, 2d and 3a) may not be consistent across
different manufacturers.
5.2 Effect of Background Noise

Two appliances - a CFL and a router, are used to exam-
ine the effect of background noise on the measurable EMI
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from an AUT. Figure 3 illustrates observed EMI for both
the AUTs when connected to mains power supply (setup-
1) and UPS (setup-4). The EMI from both the appliances
are hardly noticeable when they are connected to the mains
power supply (see Figure-3a for CFL4 and 3c for router).
This is because of the high interference feature arising from
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Next we study the impact of power line impedance on the
EMI conducted by AUTs. We measure the EMI trace of an
AUT, connected at a near plug point (NPP) from the sensing
plug point (SPP) where the measurement device is connected

Figure 5: Effect of line impedance on EMI from CFL1 on a
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SPP (setup-2). Figure-5 shows that EMI from CFL1 was Frequency (in kHz)

attenuated at DPP in comparison to EMI observed at NPP Figure 6: Impact of inbuilt EMI filter of the extension cord

especially at high frequencies above 2 MHz. This can be on the EMI observed from CFL1 connected to the mains

attributed to the transmission line effects of the long exten- power supply

sion cord. An in-depth analysis of higher order effects of the

transmission line is required to better understand the impact an external EMI filter is connected between the off-the-shelf

of line impedance on EMI measurements. extension cord and mains power supply (setup-3). This re-
Some extension cords have inbuilt EMI filters, to protect sult is shown in Figure-6 and compared with the EMI, shown

the appliances from noise in the power supply. In order to earlier in Figure-2a, from setup-1 which did not have an EMI

study their impact, we measured the EMI from CFL1 when filter on the extension cord. We observe two effects of the
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Figure 4: EMI as observed with a combination of CFL1 and LED lamp with laptop adapter on the same power line.

power line filter. First, the strength of background interfer-
ence features from the power supply is lowered. Second, the
EMI from the AUT is also lowered. We postulate that this
phenomenon occurs because EMI currents from the AUT
flow into the low impedance path of the filter and hence can-
not be measured at the sensing point. Thus the power line
EMI filters impact the measurability of EMI, of an appliance
connected to the power line.
5.4 Effect of Multiple Appliances on a Com-
mon Power Line

Finally, we consider the case, when multiple AUTs are
connected on the same power line. This is a common setting
in a home where different appliances may operate simultane-
ously, during some time intervals. Figure-4a shows the EMI
conducted by CFL1 and laptop charger when powered inde-
pendently and when connected together. As mentioned ear-
lier - when connected independently, the EMI from the CFL1
is clearly observed while the EMI from the laptop charger is
weak due to its inbuilt EMI filter. Interestingly, when the
two appliances are connected together, the EMI of the CFL1
is suppressed from 40 kHz to 1.5 MHz.

We postulate that this phenomenon is the result of the low
impedance path offered, to the EMI currents from CFL1, by
the inbuilt EMI filter in the laptop charger. Similar behav-
ior is observed when an LED lamp and a laptop charger are
connected together (Figure-4b). We further investigate this
phenomenon, by measuring the EMI (as shown in Figure-
4c) when the CFL1 is connected to NPP with respect to SPP,
while the laptop charger is connected at DPP. In this case,
the EMI currents from CFL1 do not flow through the filter
in the laptop charger and instead flow through the sensing
point, where they can be measured. This is due to the line
impedance introduced between the two AUTs. The damping
effect of the inbuilt EMI filters of an appliance on the EMI
signatures of neighbouring appliances on the power line is
significant only when the appliances are in close proximity.

6 Simulation Models for EMI

During EMI measurements, we observed certain factors
that affected the conducted EMI from an appliance, such
as line impedance and appliance coupling behavior (specif-
ically for appliances with low pass EMI filters). We now
propose a generic model for EMI that can be customized to
mimic actual setup to gain a better understanding of these
observations. There are three main objectives towards devel-
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oping a detailed simulation model: (1) Actual measurements
of EMI from an appliance are complicated due to the pres-
ence of several appliances in the background. Simulation
models allow us to independently analyze the EMI from an
individual appliance as well as combinations of multiple ap-
pliances; (2) Simulations allow us to analyze the impact of
transmission line parameters of the mains power line which
are difficult to measure in real world settings; (3) Simula-
tion models can be, potentially, useful for generating large
volumes of training databases for supervised learning tech-
niques, for appliance level disaggregation.

We, first, give an overview of SMPS operation, which
forms the basis of our simulation models. Typically, in res-
idential settings, alternating current (AC) to direct current
(DC) step-down SMPS topologies interface between an ap-
pliance and the power line. The primary section of these
SMPS consist of a transformer where the 230VAC signal is
stepped down to a low voltage AC signal and subsequently
converted to an unregulated DC signal with a rectifier. The
rectified DC is fed to a DC to DC converter, with a high-
speed switching circuit, to generate a regulated DC output
that powers the appliance load or its control sections. The
switching frequencies of these circuits rely upon the out-
put power requirements of the appliance and hence may be
unique to an appliance [6]. Due to the highly nonlinear na-
ture of these switching circuits, the dominant component of
EMI from an appliance consists of the switching frequency
and its harmonics. The EMI currents are coupled to the
mains power line through galvanic, inductive or capacitive
coupling modes, within the circuit [25]. In this paper, we
focus on simulating the EMI currents generated in the DC to
DC converter section of the SMPS. We assume that the cou-
pling modes of the EMI to the power line are fairly uniform
across multiple appliances and do not significantly alter the
nature of the EMI spectrum, at frequencies up to 5 MHz.

To simulate the behavior of conducted EMI, an equiva-
lent model for an appliance’s power supply is presented here,
utilizing a simplified version of a buck converter shown in
Figure-7. A detailed description of the behavior of a buck
converter is presented in [6]. A buck converter is a stan-
dard DC to DC step down converter that utilizes a MOSFET
or a transistor as a switch, S1, to generate a pulsating DC
(Vdiode) from input unregulated DC (Vsupply). The switch-
ing frequency (Fsw) and the duty cycle of this pulsating DC
are varied by a pulse width modulated (PWM) control signal
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Figure 7: Spice model of a simplified buck convertor used as
an equivalent appliance model for EMI generation

driving S1. Vdiode is averaged using an inductor-capacitor
(LC) combination to provide a constant DC (Vload) at the
load. The diode, D1, provides a path for the current through
the inductor to discharge when S1 is “open”. The ratio of
Vload to Vsupply is governed by the duty cycle of the PWM
control signal. A standard buck converter may also consist
of a feedback loop to maintain a constant output voltage, in
the case of a fluctuating input voltage. We omit this feed-
back loop in our simulations and, instead, assume a constant
DC supply voltage. To simplify this model, we also assume
that the load impedance of the appliance is purely resistive
(R). The currents (Isupply) drawn from the DC supply of the
DC to DC converter are coupled to the mains giving rise to
EMI. Therefore, the frequency response of Isupply provides
an EMI signature of the appliance.

We model the EMI from a specific SMPS based appliance
on the basis of EMI measurements of the appliance when
powered by a UPS. The input parameters governing the sim-
ulated EMI spectrum are Vsupply, duty cycle and Fsw of
PWM control signal, and load impedance (Z/R). Fsw is cho-
sen based on the fundamental frequency component and har-
monics observed in the measured EMI spectrum. The base-
line of the simulated EMI spectrum is adjusted to match the
noise floor in the measured EMI spectrum by modifying the
value of Vsupply. Vload and R, are adjusted to control the
amplitude of Isupply, which in turn, controls the magnitude
of EMI peaks in the frequency spectrum. The component
values for L & C are computed by buck converter design
equations [6]. The width of the EMI peaks, observed in the
frequency spectrum, are adjusted by introducing suitable se-
ries resistances to L and C. The main advantage of the sim-
ulation method that we have proposed is that, our model is
created on the basis of accurate EMI measurements of an
appliance and not on any prior knowledge of the internal cir-
cuitry of the appliance which is usually difficult to obtain.

6.1 Appliance Specific EMI

We present a model to simulate the EMI spectrum of a
router based on measurements, presented earlier in Figure-
3d. We computed the following design parameters: Vsup-
ply=0.05V, duty cycle=0.5, Fsw=100 kHz, L=2.5uH, C=5uF
and R=100022.

Figure-8 illustrates the steady-state time-domain results
from the simulations. V(vdiode), the pulsating DC at the
diode, has a time period of 1/Fsw and duty cycle of 0.5.
I(L), the current across the inductor, continually charges and
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Figure 8: Simulated steady-state time domain behavior of
a simplified buck convertor used as an equivalent appliance
model. I(Vsupply) is the EMI current that couples to the
mains power line.
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Figure 9: Frequency spectrum of simulated EMI from

I(Vsupply) along with EMI observed from router on test

setup-3

discharges during the ON time and OFF time of the pulse.
I(Vsupply) is the current drawn from the DC power supply
and is highly non-linear as indicated by the inverted triangu-
lar shaped pulses. This current is the primary component that
couples to the mains power supply giving rise to conducted
EMI. The frequency domain response of I(Vsupply) is pre-
sented in Figure-9. Qualitatively, the simulated and mea-
sured spectrums show a good match. For instance, the EMI
peaks, the baseline and the width of the frequency peaks are
similar in both the spectrums. Although the frequency spec-
trum shows spectral overlap, some baseline noise features
observed in the measured EMI are not present in the simu-
lated model. The measured data has thermal noise which has
not been modelled in simulations. By modifying the param-
eters of this model, we can generate unique EMI signatures
for other SMPS based appliances for further analysis.
6.2 Impact of Line Impedance on EMI from
an Appliance

e model the transmission line characteristics of the power
line with a series impedance between the sensing point where
the EMI currents are observed (nearly the DC supply) and
the plug point where the appliance is connected as shown
in Figure7. Though, the series impedance lies on the 230V
AC power line in real world settings, we have introduced the
equivalent resistance in the internal circuitry of the SMPS.
Due to the low frequencies of observation, the effect of the
inductance and capacitance of the transmission line are neg-
ligible. Most residential electrical lines are characterized by
line impedance that varies with the thickness of wires, the
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Figure 10: Effect of line impedance of R=0 & 2Q on EMI
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Figure 11: Model showing appliance coupling including,
mains power line impedance (in Case-1, 2, 3), EMI filter (in
Case-2) and line impedance & EMI filter (in Case-3).

number of copper strands, and the quality of shielding ma-
terial [27]. We model, a 10m long electrical line with a 2Q
resistor. We compare the EMI signatures when an appliance
is connected near the sensing point (when the line impedance
is 0Q) with the EMI signatures generated when an appliance
is connected at a distant point, 10m from the sensing point.
Figure-10 shows that the EMI signal from an appliance at a
distant point is weaker (up to 7 dBm) than the EMI from an
appliance near the sensing point. These results are similar
to the line impedance effects observed on the CFL data in
Section-5c.

6.3 Impact of Appliance Coupling

In section 5.4, we postulated that an EMI filter of an appli-
ance can significantly impact the EMI signature of a neigh-
bouring appliance, provided the two appliances are close to-
gether on the power line. To validate this hypothesis with
simulations, we consider the following three cases which
are configured as per Figure-11. Figure-12 shows the fre-
quency spectrum of the EMI currents(DC supply current) for
all three cases.

Case-1: Two appliances-1 & 2, without EMI filters, are
connected together on the same electric line. Appliance-1
has a switching frequency (Fsw) of 100 kHz, similar to the
router. Appliance-2 has Fsw of 40 kHz. Note that in real
world settings, the two appliances would be connected on
the 230V AC power line. In our simulations, we instead con-
sider the appliances connected to the same electric line from
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a common DC power supply. Here we are assuming that
the EMI coupling mechanisms, from the DC section to AC
mains power line, across different appliances are uniform. A
series resistance of 4€ is inserted between the appliances and
the power supply, to model the power line impedance. Dom-
inant frequency components in the EMI spectrum in Figure-
12 include the EMI effects from both appliances i.e. 100
kHz & 40 kHz signals and their harmonics. The magnitudes
of higher order harmonics decay gradually with frequency.
Interestingly, we also observe inter-harmonics due to mixing
of the 100 kHz and 40 kHz signals in the non-linear sections
of the circuit (such as diode).

Case-2: In this case, we consider the impact of an appli-
ance with an inbuilt EMI filter on a neighbouring appliance.
Therefore, a bi-directional EMI low pass filter, of 1 kHz cut
off frequency, is incorporated into the front-end of appliance-
2 (with 40 kHz switching frequency). As expected, the EMI
filter suppresses the EMI currents (40 kHz and its harmonics)
from appliance-2 at the sensing point in the circuit. How-
ever, the filter additionally suppresses the EMI (100 kHz and
its harmonics) from appliance-1 from being observed at the
sensing point. This is because the EMI filter of appliance-2
offers a low impedance path, compared to the electric line
at the power supply, to the EMI currents from appliance-1.
This simulation validates our earlier hypothesis, in Section-
5.4, that inbuilt EMI filters within the module of an appliance
have a two-fold effect on EMI based appliance disaggrega-
tion. The filters not only suppress EMI emanating from the
appliance that they are connected to but also impact the mea-
surability of EMI currents conducted by neighbouring appli-
ances on the power line.

Case-3: In this case we consider how the line impedance
between two appliances can impact the effect of the inbuilt
EMI filter. We simulate conditions when the two appliances,
considered above, are 10m apart on the power line by intro-
ducing a series resistance of 2Q in the electric line between
the two appliances. In Figure-12, the frequency spectrum ex-
hibits weak EMI from appliance-2 and significant EMI (100
kHz and harmonics) from appliance-1. We observe that the
impact of the EMI filter in appliance-2 on appliance-1 is re-
duced since the EMI currents from appliance-1 do not find a
low-impedance path through the EMI filter when significant
line impedance is introduced between the two appliances.

7 HFED Dataset and Spice Model Simula-
tions

Our High Frequency EMI Dataset (HFED)* is also re-
leased as part of this work. It contains EMI traces collected
from both lab and home settings, having 24 appliances con-
nected over four different test setups in lab settings and one
test setup in home settings. EMI data from lab consists of
data from signal analyser as well as USRP, while home data
contains data from USRP only. EMI measurements from sig-
nal analyser and USRP are taken over a frequency range of
10 kHz to 5 MHz.

To further facilitate reproducible research, we also re-
lease our CAD layout files and our SPICE simulations on
the dataset webpage. Our dataset is summarized in Table 2.

4http://hfed.github.io
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Figure 12: EMI spectrum, obtained from simulation model for the three used cases - Case-1: Coupling with line impedance;
Case-2: Coupling with one appliance having EMI filter; Case-3: Coupling with line impedance and one appliance having EMI

filter.
Parameter Value
Frequency range 10 kHz to 5 Mhz
Number of appliances tested | 24
Number of test setups 5 (4 in home, 1 in lab)
Number of FFT points 32k (Signal Analyser),
100k (USRP)

Table 2: Summary of HFED dataset

8 Conclusions

In this paper we highlight some key observations obtained
from our in-depth study of EMI signatures over an extensive
set of home appliances, tested in both laboratory and resi-
dential settings. Some of these observations either counter
or qualify the observations made in earlier EMI related re-
search (e.g. not all SMPS based appliances will conduct EMI
due to high attenuation offered by inbuilt EMI filters) or pro-
vide novel insights (e.g. EMI from neighbouring appliances
may significantly interfere through the EMI filters and line
impedance along the power line). Empirical analysis, dis-
cussed in this paper, calls for a detailed review of different
factors that may impact the observed EMI from appliances
before using the EMI as a signature for appliance disaggre-
gation. Setting up controlled environments for better under-
standing of EMI sensing may either neglect real conditions
- by isolating background noise and interference from other
appliances on the power line; or would require a very exten-
sive study accounting for all of these noise factors. To sim-
plify the overall review process, accurate simulation models
that account for several of these noise factors will signifi-
cantly help in improved and thorough understanding. We
made a first attempt in creating such simulation models and
demonstrated their utility in explaining some of the peculiar
behavior discussed in this paper through physics. Such sim-
ulation models can further help in analyzing minute events
which are otherwise not observable with standard measuring
equipment. We believe that the domain of conducted EMI
sensing is wide open and this work has only touched the sur-
face highlighting some of the concerns brought forth by our
early, though detailed, observations.
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9 Future Work

While we presented results from an initial controlled ex-
perimental setup in this paper, we would like to explore EMI
signatures in an in-situ setting, which we deem to be the real
test of the usability of our system. Our work had been done
in New Delhi, India, which is known to be affected by an
unreliable electrical grid [4]. In the future, we would like to
compare our results in a setting where the electrical grid is
more reliable. We would also like to study different modes
in which conducted EMI can be observed - differential and
common mode.
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