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I. INTRODUCTION

FOR quite some time, the feasibility of transmitting 
communications signals over the power line, known 
as power line communications (PLC), has been 

questionable. Investigations on PLC have waxed and waned 
over the years, but in the last five to ten years, the advent of the 
Internet has prompted renewed interest. There is now a need 
for easily accessible, high-speed broadband communication. 
Because of the existing infrastructure, the power line is being 
considered as a possible communication channel. This subset 
of PLC is known as “broadband over power line,” or BPL.

It is important to understand the distinction between PLC 
and BPL, as they are too often used interchangeably. Put 
simply, BPL is a specific type of PLC. For clarity, the term PLC 
will be used to refer to any communications scheme that is sent 
over the power line, regardless of bit-rate or frequency. This 
definition for PLC also encompasses BPL—a term which will 
be used to specifically designate high frequency, high bit-rate 
communications over the power line, such as internet access. 
Because BPL is a type of PLC, to examine the feasibility of 
BPL, one must first examine PLC as a whole. So, while the 
historic applications of PLC will be discussed, it serves as more 
of background as to what technologies lead up to BPL.

The concept of PLC is certainly noteworthy. The power 
infrastructure already exists nearly everywhere, eliminating the 
need for new lines. Such everyday unmanned devices as traffic 
signals, well-pumps, street lights, lighthouses, and subway cars 
could have the capability to be controlled over an existing 
network. There is still plenty of bandwidth available on the 
lines to support this activity. 

 Within the power distribution network, there are 
three types of distribution lines: high voltage, medium voltage, 
and low voltage. Running with continuous voltages from 1 kV 
to in excess of 100 kV and covering long distances, the high 
and medium voltage lines are primarily used as ties between 
different grid sections. Currently, these lines are paralleled by a 
fiber optic signaling network that has plenty of extra bandwidth 
for BPL.1

 On the low voltage network, at voltages less than 1 
kV, the widespread distribution of the electric grid becomes 
an inherent advantage. Although noise and signal attenuation 
are problems on these networks, they still hold the potential 

to carry a power line-based local area network (LAN). If these 
problems can be properly modeled and overcome, then there 
is no question that transmitting BPL is a possibility. Thus, 
the primary focus of this article will be on the low voltage 
network. 

II. PLC APPLICATIONS
While the applications for PLC are practically endless, 

there are several that have been proven to provide the most 
cost effective utility: load management, automatic metering, 
and BPL.

Load management is a technique employed by the power 
company to maintain a stable grid. For a distribution system 
to function, the load must be matched by the generation. 
Currently, large kilowatt generators must adjust instantly to 
shifts in load. However, load management could be used to 
instead redirect current over different transmission lines and 
to different grid sections. A signal can be sent over the power 
line to a switching station or capacitor bank to make required 
adjustments that would otherwise require a secondary form of 
communication. This improves the overall grid stability and 
reduces operating costs.

Automatic metering is another practical PLC application. 
Rather than having an employee manually go from house to 
house and business to business reading the electric meter, the 
meter sends a signal back to a receiver. Its unique identification 
number and current usage to date is broadcast and consequently 
recorded. Although cost to the power company is reduced 
significantly, the communication speed so far has proven quite 
slow. In one application in the United Kingdom, the data 
transmission ran as slow as 1 bit/sec.1

The main application of interest is BPL. With a high rate of 
data transmission, the power line could provide internet access, 
voice over IP, and other broadband services. This is beneficial 
to the consumer because the common power outlet becomes 
a gateway to the Internet and a home LAN with no need for 
additional wiring. The power company then has the advantage 
of opening up a competitive service in a market where it 
previously had no interest.

III. HISTORY
The idea of power line communications is not new. 
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Experiments on PLC began in the early days of electrical 
distribution. Then, the focus was on telegraph and telephone 
communications. Because of the lack of necessary technology, 
these early methods failed.

In the late 1970s, research was concentrated on automatic 
meter reading and load control. High-speed transmission could 
be obtained over short distances. However, only low-speed 
transmission could be attained over long distances. 

One of the first PLC systems to appear was a metering system 
created in 1972 by General Electric. It operated in the range 
of 35 to 40 kHz and, at these frequencies, was not susceptible 
to destructive harmonics of the mains. However, losses from 
propagation and distribution transformer couplings proved to 
be a substantial barrier.2

Later, in the early 1980s, an improved metering system was 
developed named AMRAC III. It was first implemented by 
Virginia Power in the Williamsburg area in the early 1980s. The 
frequency of this next generation device was shifted down to 
the 5-10 kHz range. Here, the propagation and coupling losses 
were much more acceptable. Unfortunately, the interference 
due to harmonics at this frequency was a hindrance.2

By the late ‘80s, yet another system, known as the Rockwell 
System, was developed. In addition to metering, this system 
provided for load management and distribution automation. 
While it operated at the same frequencies as AMRAC III, the 
Rockwell System employed a filter with sin(x)/x characteristics 
that helped eliminate the problem with harmonics. The system 
proved to have a good signal-to-noise ratio (SNR), but cross-
talk issues between substations became problematic.2

Now, the interest has shifted to bringing high speed internet 
to every corner of the globe. Yet, decades of new devices have 
put more noise onto the power line while they draw power 
and continue to make reliable high-speed, long distance 
communications elusive to engineers. In the future and even 
today, with advances in technology, these problems can be 
overcome.

IV. PRACTICALITY
A. Economics of BPL

When examining the overall feasibility of BPL, it is 
impossible to ignore the economic hurdles. If the cost far 
outweighs the utility of the system, it will not succeed. The 
Electronic Power and Research Institute (EPRI) looked at the 
economics of several BPL systems that currently exist in the 
United States and drew some conclusions.3 For infrastructure 
external to the customer’s residence, implementation costs 
range from $50 to $150 per home. However, the in-home costs 
of power line modems and other appropriate hardware range 
from $30 to $200 per home. To remain competitive with cable 
and digital subscriber line (DSL) services, the implementation 
costs must be below $20 per home for infrastructure and $100 
per home for connectivity equipment.

To bring the costs down, power companies could subsidize 
the service. Utility applications such as automatic meter 
reading and direct load control technology could be used to 
decrease cost to the power company. These savings could then 
be passed on to the consumer. If the cost becomes reasonable 
and the technology is comparable to other broadband options, 
BPL would have the advantage of an existing infrastructure 
and could succeed.

B. Regulations
As recently as October 2004, in an effort to promote 

broadband services, the Federal Communications Commission 
(FCC) revised its policies regarding BPL. In its Report and 
Order, the FCC defined BPL as any communications sent 
over a power line channel with a frequency between 1.705 and 
80 MHz. Exclusion bands were set up to protect aeronautical 
receivers, and exclusion zones were determined to protect 
sensitive operations such as radio astronomy stations. In 
addition, the report mandates that BPL systems should be 
able to rapidly shift operating frequency bands and have a fast 
shut down procedure should any interference be encountered. 
Because BPL operates on an unlicensed, non-interference 
basis, specific standards for measuring interference levels were 
also defined.4

While the report was designed to further the development of 
BPL and to stimulate competition, there has been a significant 
backlash. There is a growing concern that BPL negatively 
impacts amateur radio operation. There is evidence that because 
power lines are unshielded for RF interference, they act as giant 
antennas that hinder radio signals. In response, the Amateur 
Radio Relay League (ARRL) has put out a call to “Stop the 
assault on ham radio!”5 As recently as March 2005, a BPL pilot 
project run by Amperion in Irving, Texas was shut down by 
the FCC due to pressure from the ARRL. Other Amperion 
systems have been shut down early as well, though they were 
deemed as successes. In part because of the ARRL’s concern, 
many power companies have opted against implementing BPL 
at this point.

Though the concern of radio interference is valid, it is fair 
to say that the benefits of BPL far outweigh that of amateur 
radio. Broadband has the ability to allow for communication 
on magnitudes never possible with amateur radio. Nevertheless, 
the FCC insists that they are protecting amateur radio while 
encouraging BPL development.

V. THE POWER LINE CHANNEL: PROBLEMS AND 
SOLUTIONS
A. A Problematic Medium

The most basic characteristics of the power line itself are 
actually the biggest problems facing PLC and BPL; the network 
was not designed for frequencies other than 60 Hz. Because 
of this, the network is very inconsistent, and its parameters 
change over time, location, and load levels. This makes it very 
difficult to correctly model the attenuation, impedance, and 
noise on the line.

B. Frequencies of Interest
Over the years, experimentation with many different 

frequencies has been conducted with PLC. As previously 
mentioned, some of the earliest systems used frequencies 
below 10 kHz. An advantage here is that frequencies between 
3 and 9 kHz are unallocated by the FCC and therefore less 
regulated. At these low frequencies, some signals can make 
it through a distribution transformer. This eliminates the 
need for transformer couplers and lowers the overhead cost. 
Unfortunately, because of the long period, data transmission is 
slow, and the harmonics of the 60 Hz signal are very destructive 
at this level. However, if these low frequencies were used in 
conjunction with new signal processing technology, it may 
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because the grid does not change substantially over time. 
After testing the frequency range of 20 to 240 kHz, Chan et 
al.11 came to several conclusions. First, signal attenuation on 
intra-building power lines usually exceeded 20 dB, except for 
over short distances. Also, when the transmitter and receiver 
are used on different phases, the signal does actually couple 
between the phases, but with much higher attenuation. At 
higher frequencies, up to 240 kHz, attenuation was usually 
more severe. In addition, narrow-band signal fades can occur at 
specific signaling frequencies. Probably most noteworthy was 
how load affected attenuation; depending on the time of day, 
the attenuation could vary drastically, as shown in Figure 2.12

If we extrapolate these results, we can see that at the higher 
frequencies necessary for BPL, attenuation is certainly a 
problem. Amplifiers or repeaters could always be used to boost 
the signal, but that would require infrastructure improvements, 
reducing the cost-effectiveness of BPL. Nevertheless, placing 
repeaters every mile or so seems to be the best way to overcome 
attenuation.

General line losses are not the only way a PLC signal is 
attenuated. Distribution transformers are a major culprit. By 
their very design, only low frequency signals will pass through 
them unobstructed. If a high frequency does manage to get 
through, it is nearly impossible to reconstruct. 

Therefore, to overcome transformer attenuation, one 
of three methods must be employed. The first two methods 
involve bypassing the transformer completely. The signal can 
be extracted from the medium voltage line and sent via RF 
signals directly to neighboring houses. The other option is to 
extract the signal from the medium voltage line, convert it, 
and inject it onto the low voltage line. The third method is to 
push the signal through the transformer using direct sequence 
spread spectrum modulation, which is similar to orthogonal 
frequency division multiplexing (OFDM) but is more reliable 
and requires greater power. However, the signal would still be 
attenuated and repeats would be required.3

E. Noise
Noise is easily the most destructive force on communications 

sent over the power line. On high voltage networks everything 
from lightning to switching circuit breakers adds noise to 
the lines. On the medium voltage network, power-correcting 
capacitors are the major culprit. This means that BPL would 
need to function best on the low voltage network where the 
most noise exists due to consumer appliances. In general, the 

be possible and cost effective for power companies to use this 
region for such applications as dynamic load management.6

In the next frequency range, from about 10 kHz to 2 MHz, 
the power line takes on a whole new set of issues. At these ranges, 
other licensed frequencies need to be considered. In this range 
there are many other communications in use, most notably 
the AM radio band. This makes any PLC system susceptible 
to noise and conversely, makes these other communications 
susceptible to noise from the PLC system. Consequently, this 
frequency band’s major disadvantage is noise. Although utility 
PLC systems would work effectively here, it is not ideal for 
BPL.

The best frequency band for BPL is between 2 and 80 MHz. 
Noise is less of a problem than in the previously mentioned 
band, but attenuation now becomes a factor. In addition, the 
BPL signals create noise on amateur radio bands contained 
within this range.

C. Impedance
The impedance of the electric distribution system is quite 

difficult to characterize. It is defined for a given frequency 
and can range anywhere from a few ohms to a few kilo-ohms. 
Depending on a given load and the network topology, the 
impedance can generally be characterized somewhere between 
90 and 100 ohms.7 However, the low-voltage residential circuit 
is more difficult to characterize.

Vines et al.8 experimented with line impedance in the mid-
1980s and were able to draw conclusions at low frequencies 
that Pavlidou et al.7 were able to adapt to higher BPL-capable 
frequencies. In measurements from 5 to 30 MHz, the following 
was determined:

• The magnitude of the impedance increases with frequency 
in the range of 5 to 20 MHz.

• The mean value of the impedance increases from about 5 
Ω at 20 MHz to about 120 Ω at 30 MHz.

• There is a strong fluctuation between the maximum and 
minimum value of the impedance.

• Resonances can occur on the residential network above 40 
kHz. This makes the impedances of higher frequencies more 
unpredictable.

• Of all load types, resistive heating coils cause the most 
major changes in overall impedance.

Although a statistical model is difficult to develop, the 
impedance of the medium voltage network can be calculated 
based on typical loads, lines, and transformers. Beyond the 
transformer, on the low voltage network, the impedance can 
be best characterized by a 5 ΩH line impedance stabilization 
network (LISN) as pictured in Figure 1.9. Both Vines et al.8 
and Nicholson et al.9 agree that this is the best working model 
to describe line impedance. 

D. Signal Attenuation
Over distance, as power lines weave their way under 

and above ground, any PLC signal coupled to the line will 
attenuate.  Over a typical U.S. distribution line, BPL will only 
travel less than a mile before amplification is needed.10 In the 
mid-1980s several engineers experimented with the power lines 
that existed in their labs and surrounding neighborhoods.1,11,12 
While most research done on attenuation over power lines 
was done twenty years ago, most of the data is still relevant 

Fig. 1. Line impedance stabilization network schematic (LISN).
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noise is lowest at higher frequencies, as indicated by Figure 
3. This is beneficial for BPL, which needs to operate at high 
frequencies to be useful. The noise on the low voltage network 
can be classified into four categories: synchronous impulse 
noise, “smooth spectrum” noise, single event impulse noise, 
and asynchronous background noise.1,12,13

1) Synchronous impulse noise
Synchronous impulse noise occurs at multiples of 60 Hz, has 

a duration of a few microseconds, and a power spectral density 
(PSD) that with line spectra at 60 Hz multiples and decreases 
with increasing frequency.13 A main cause for synchronous 
noise is silicon-controlled rectifiers (SCRs). A SCR switches 
when the voltage reaches a certain level, and because the voltage 
is cyclical, the SCR switches on multiples of 60 Hz. 

Another source of synchronous impulse noise is solid state 
light dimmers operating at the main frequency.  While these 
devices should comply with frequency compatibility issues, 
standards for frequencies below 500 kHz are unspecified.12 The 
voltage and current characteristics for a common light dimmer 
can be seen in Figure 4. It can be seen from these plots that the 
interference is indeed synchronous with the power line.

Because the noise is synchronous, it is much easier to predict 
and therefore much easier to filter out. As Tengdin notes in 
regard to the AMRAC III system, “by the use of a receiver 
filter with sin(x)/x characteristics phase locked to the power 
system frequency, which has nulls at the harmonic frequencies 
(Figure 5), it [is] possible to operate in these relatively quiet 
valleys between the adjacent harmonic peaks.”2 This method 

essentially removes the peaks due to the 60 Hz harmonics but 
can also be effective at removing noise from other devices on 
the network.

2) Smooth spectrum noise
Smooth spectrum noise is simply the summation of all 

low- power noise sources. Its PSD, while higher than the PSD 
of synchronous noise, is relatively even with no line spectra 
at specific frequencies. Smooth spectrum noise is primarily 
caused by line loads running asynchronously to the power line 
frequency.  These loads are generally universal motors where 
the speed of the motor is controlled by the current rather than 
the voltage. Some of these appliances include electric drills, 
vacuum cleaners, mixers, blenders, sewing machines, and 
electric saws.

Over small bandwidths, noise of this nature can be modeled 
by band limited white noise.12 In this case, a simple digital 
signal processor (DSP) would be sufficient to model this noise 
and filter it out of the received signal. In addition, “forward 
error correcting codes combined with interleaving (to provide 
time diversity) [could] be implemented” to deal with the 
effects of this noise.1 This method is also effective in coping 
with synchronous impulse noise.

3) Single event impulse noise
Single event impulse noise presents the greatest challenge to 

PLC. The duration can vary anywhere from a few microseconds 
to a few milliseconds, and the inter-arrival time is completely 
random. The PSD is quite high and can be up to 50 dB 
above the background noise spectrum.13 This noise originates 
from transient sources such as switching thermostats, power 
correcting capacitor banks, or even lightning.

Because this noise is so unpredictable, it is difficult to filter. 
It can be modeled as impulses, and similar impulse noise on 
other communications can be overcome by the error correcting 
code mentioned previously.

4) Asynchronous background noise
Also called narrowband background noise, asynchronous 

background noise refers to a PSD with specific line spectra 
that is unrelated to the main frequency. The interference varies 
based on the time of day but originates from three primary 

Fig. 2. Attenuation versus frequency, industrial building, daytime (top), 
nighttime (below). IS represents a short distance on an in-phase channel. I 
represents a longer but unknown distance on an in-phase channel. A1 and A2 
are across-phase channels. It can be seen that the attenuation of the power line 
channel varies greatly based on time of day. This is due to daily load changes.

Fig. 3. Simulated power line channel model.13 While only frequencies above 
200 kHz are noted, it is still possible to transmit in lower bands, but clearly 
noise become more problematic at such bands. 
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sources:
• Televisions: televisions emit a synchronization pulse every 

63.5 µs, which consequently creates a large amount of noise at 
15,734 Hz and its harmonics. 

• Computer monitors: like a television, cathode ray tube 
(CRT) computer monitors also emit a synchronization pulse, 
but the period is not standardized and varies by manufacturer.

• AM sinusoidal signals: some AM radio stations have 
historically broadcast their signals over power lines as a 
secondary transmission method know as carrier current. These 
stations, as well as short wave and amateur radio, can cause 
notable noise on the line.

To avoid asynchronous background noise, the best option 
seems to be to avoid problematic frequencies all together. 
As such, the base television frequency of 15,734 Hz and its 
harmonics should simply not be used. However, this does 
not account for unknown monitors and AM signals. Ferreira 
et al. suggests using some sort of frequency diversity such as 
frequency hopping along with error correction to deal with the 
line frequencies of computer monitors.1

To counter noise and reduce RF interference, an appropriate 
adaptive modulation scheme implementing DSPs must be 
used. Ten years ago, DSPs did not have the computing power 
to overcome the power line noise, but that is no longer the 
case. Current DSPs are faster and more powerful than their 
predecessors. They can now clean up the signal mathematically 
and adapt to real-time conditions on the power line.

Additionally, in the past two years, new modulation schemes 
have been developed that have proven to be quite successful in 
PLC.14-16 Specifically, experiments with frequency shift keying 
(FSK) and OFDM have shown promise.

Frequency shift keying has existed since the mid-1900s and 
is a simple modulation scheme conceptually. In the simplest 
method, binary FSK, two different frequencies are utilized to 
send a single digital signal. Basically, a logic “1” is sent as a sine 
wave over one frequency while a logic “0” is sent as a sine wave 
over a different frequency. This makes the modulated signal less 
susceptible to noise

However, there are drawbacks to FSK. The maximum 
successful transmission speed is relatively slow compared with 
that required for broadband. As such, FSK would be more useful 
for metering and load control applications where speed is not 
a factor. In addition, frequency selective fading is a problem. 
In other words, deep notches appear in the frequency response 
and can vary over time, cable, and location. If the signal is 
modulated to one of the faded frequencies, performance is 
severely degraded. Also, because line attenuation increases with 
frequency, “many bands are not flat enough to accommodate 
high-rate communications with narrowband modulation.”14

OFDM is a spread spectrum modulation scheme. The 
transmission signal is split into several narrow-band channels 
and modulated to different frequencies and phases. Unlike 
standard frequency division multiplexing (FDM), priority is 
given in minimizing crosstalk between the channels rather than 
trying to perfect each channel.

There are several benefits to OFDM: it is resilient to RF 
interference, has a lower multi-path distortion, and a high 
spectral efficiency.17 It has also proven highly effective against 
high noise levels and narrow-band interference, which are BPL’s 
biggest foes. However, within the range used for BPL OFDM 
(1 to 100 MHz), there is no FCC license, thereby limiting 
the power level and causing greater attenuation. Nevertheless, 
OFDM is certainly an effective and viable method for BPL.

VI. BPL TECHNOLOGIES IN PRACTICE
One indication that BPL is imminent lies in the fact that 

several companies have jumped on the PLC bandwagon. 
Power line modems, while primarily designed for intra-home 
networking, are commercially available from such major 
electronics manufacturers as Linksys, Belkin, Netgear, and 
others. In addition, there are now a handful of vendors that are 
promoting BPL in about twenty-five pilot cities.17

The Ambient Corporation specializes in BPL system 
design and integration. They send signals onto the medium 
voltage lines and a patented coupler to transfer the signal to 
the low voltage network. Repeaters are used where necessary. 

Fig. 4. Voltage across (left) and current though (right) power circuit with 
dimmer set for maximum brightness.12 It can be seen where the SCR in the 
circuit opens early and closes late, causing interference.

Fig. 5 Frequency response of sin(x)/x filter phase locked to the power system .2 
Using this method, the 60 Hz frequency and all harmonics can be exclusively 
filtered on the receiver-side.
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Consolidated Edison and IdaComm are currently testing 
equipment made by Ambient.

Massachusetts-based Amperion, Inc. specializes in BPL over 
the medium voltage network. At the distribution transformer, 
the signal is then converted to a Wi-Fi signal that can be 
accessed by customers. Additionally, there is an optional fiber 
connection that can be run from the transformer. They have 
seen successful raw data speeds of up to 45 Mbps. Amperion 
technology is being deployed at AEP, PPL Telecom, Progress 
Energy, IdaComm, Dacor, and several others.

Current Technologies in Maryland offers everything from 
the hardware, software, installation, operation, and full ISP 
services of a BPL deployment. As such, most of Current 
Technology’s system is proprietary. Current pilot projects are 
being conducted at Pepco, Cinergy, and Hawaiian Electric. 
Cinergy’s implementation has speeds ranging from 1 Mbps 
($29.95 / month) to 3 Mbps ($39.95 /month), and its clientele 
has surpassed 55,000 homes.3

While the previous technologies are primarily being piloted 
in cities, GridStream Systems in Tennessee focuses on system 
design in rural areas. Their system imposes a signal between 
the phase line and neutral line of the distribution circuit, and 
employs a patented modulation scheme. It is currently being 
tested by Cullman Electric, Fayetteville Public Utilities, Chelan 
County, WA, and Winchester, TN.

Main.net Powerline Communications, Inc. has conducted 
experiments on many of its resources in Europe. Main.net 
specializes on BPL system design and integration. Its parent 
company is based in Israel and there are about fifty deployments 
outside the United States. Within the United States, its primary 
pilot city has been Manassas, VA, serving over 15,000 homes 
with 800 kbps service at $26.95 per month.3 Other customers 
include AmerenUE, Rochester Public Utilities, and Pacific Gas 
and Electric.

California-based PowerWan, Inc. has developed a system 
that eliminates the need for a coupling between the medium 
and low voltage networks. Their signal processing technique 
detects a signal after passing through a transformer. Their test 
level is fairly low with “‘unnamed utilities’ serving more than 
a dozen homes.”3

VII. CONCLUSION
It is clear that even though BPL is a difficult prospect, the 

advantages far outweigh the problems. The history of PLC 
has been dotted with mild successes, but its future is much 
more promising. New technology is allowing the problems of 
impedance matching, attenuation, and noise to be overcome 
and avoided.

However, because of the necessary capital improvements, it 
is still difficult to get utilities to take on the risk of implementing 
a trial program. Nevertheless, in the few places where it has been 
tried, according to the individual companies, it has been quite 
successful. There is no doubt that as technology improves, the 
broadband market will become more competitive and prices 
will fall, allowing BPL to step in as a major contender.
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widespread electrical network. However, the power line presents many challenges to 
communication signals, which is the basis for my research.
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jur: Who or what motivated you to do this research project?

I grew to have quite a strong interest in power engineering and wanted to create an 
independent study course that would suit my needs. After talking with my faculty 
advisor, Professor Roman Sobolewski, he agreed to also serve as my advisor for an 
independent study course. In an effort to find a specific power engineering topic 
that both he could advise on and I was interested in, we decided on examining the 
future of broadband over power line. 

jur: How does this research relate to your major/future plans/interests?

As I mentioned, I already had an interest in power engineering and had planned to 
enter that field. Fortunately, I found just the job I was looking for as an Operations 
Engineer at National Grid.

jur: While doing this research project, what was your biggest obstacle and how did 
you overcome it?

Although my research on BPL involved very little experimentation, my related 
senior design project gave me first hand experience of some of the problems facing 
BPL. The power line such a mixed bag of resistance, capacitance, and inductance 
that is very hard to model what will happen to signals imposed on the lines. The 
best options to overcome this was to closely examine many experiments done by other 
experts that included various signal modulation techniques as well as specialized 
filters.

jur: After completing your research project, what do you think was your most 
fulfilling experience?

My goal of the research was to gain a new understanding for the complexities of the 
nation’s power grid. I learned much more about how the grid is constructed and 
maintained, which will be invaluable knowledge in my new career.

jur: Any advice you could give to fellow undergrads who would like to undertake 
similar research (or any research in general)?

The best advice is to not always overthink. Do not reinvent the wheel. You may 
have a small problem within your larger project that has you stumped, but it often 
seems to be the case that someone has already encountered and possibly solved it. 
By hitting the books and finding that useful research, it will help keep your project 
on-track and on-time.


