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Executive Summary
Power over Ethernet (PoE) technology offers the ability to provide both low-voltage direct-current (DC) power
and communication over a standard Ethernet cable—also referred to as a local area network (LAN) cable or
Category cable. Light-emitting diode (LED) technology has reduced the power required for lighting
applications, while advances in PoE standards and technology have yielded substantial increases in the amount
of power that can be delivered to a networked device over a single cable. As a result, PoE technology is
emerging in lighting and many other applications beyond its historical foothold in telephony and networking
equipment. Several major LED luminaire manufacturers have introduced PoE connected lighting systems in
recent years, making this a potentially disruptive technology.
PoE lighting systems can offer improved efficiency relative to traditional line voltage alternating current (AC)
systems, because AC-DC power conversion losses can be reduced if this work is consolidated among one or
more PoE switches, rather than being distributed among a greater number of smaller LED drivers. However,
this effect can be offset to some extent by increased losses associated with increased voltage drop in the lowvoltage Ethernet cabling. In fact, these losses could exceed 15% in poorly designed systems. Aspects of cable
design that can affect cable energy performance include wire gauge, Category (e.g., 5e), fire rating, and
shielding. Unfortunately, most cable manufacturers only state maximum DC resistance (DCR) or reference
standards that specify DCR limits; few publish nominal DCR values.
This report summarizes the results of an exploratory study investigating power losses in Ethernet cables used
between PoE switches and luminaires in PoE connected lighting systems. Testing was conducted at the Pacific
Northwest National Laboratory (PNNL) Connected Lighting Test Bed in September 2017. A test setup
comprising a PoE switch, a set of luminaires, and a reference meter was used to test nine cable models of
varying design. Power measurements for two widely differing cable lengths—one near 50 m and another near
0 m—were used to determine the portion of PoE switch output power dissipated by each cable model. The
results were analyzed to explore the impact of cable selection on PoE lighting system energy efficiency, as
well as the effectiveness of guidelines recently introduced by the American National Standards Institute
(ANSI) C137 Lighting Systems Committee.
The key study finding is that the guidance offered in ANSI C137.3-2017 does appear to be effective in limiting
cable energy losses to 5% in PoE lighting applications, provided that the average cable length on a project does
not exceed 50 m. Additional findings include the following:
• Cable losses were found to decrease with increasing conductor diameter (i.e., numerically smaller wire
gauge), as would be expected. No such trend was observed for cable Category, fire rating, or
manufacturer; however, considering the study limitations (e.g., the set of cables tested), this does not
mean these parameters do not affect cable losses.
• In addition to the nine unshielded cable models that were tested in this study, three other cable models
were acquired but later excluded from testing, due to compatibility issues. Because two of these were the
only shielded cables, the effect of shielding on cable energy losses was not evaluated in this study.
• Cable power loss can be accurately determined using values reported by the power sourcing equipment
(PSE) if the powered device (PD) input power does not vary with cable length. Notably, of the two
luminaires used as a lighting load in this study, one did not hold input power constant in this manner, and
neither model reported its own power draw.
The following recommendations, stemming from the study findings, are offered to help streamline the
adoption of PoE technology in lighting applications:
• PoE lighting system designers should specify that minimum American Wire Gauge (AWG) must be per
ANSI C137.3 guidance, or specify minimum AWG directly if even lower losses are desired.
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• PoE lighting system designers/suppliers/installers should publish statistics on PoE cable lengths used for
each project (e.g., minimum, maximum, mean, median), along with information on each model used
(e.g., wire gauge, Category, fire rating, shielding).
• The Institute of Electrical and Electronics Engineers (IEEE) 802.3 standard requires that PSEs (i.e., PoE
switch ports) and PDs (e.g., lighting loads with RJ45 jacks) be compatible with all compliant cabling.
Manufacturers of PoE switches or PoE lighting loads that are not compliant with IEEE 802.3 should very
clearly state as much in datasheets and other product documentation, make no claims of IEEE PoE
compliance, and consider redesigning so these products can be certified compliant in the future. It is not
sufficient to only state compatibility in installation instructions, especially if such documentation is only
provided after products are received (i.e., after a system has been designed and products have been
ordered). To prevent damage and other issues that can arise from incompatibility, buyers and specifiers
should consider using products independently certified (e.g., by the Ethernet Alliance) as IEEE PoE
compliant.
• Manufacturers of Ethernet cables and connectors (RJ45 plugs) should publish lists of compatible cabling
products or parameters relevant to compatibility (e.g., tolerances for overall diameters of cable and
insulated conductors) in product documentation.
• Given the growth of high-power PoE applications, more Ethernet cable manufacturers should publish
rated DCR values specific to each product. Although these values would be expected to fall between
standard nominal and maximum values, knowledge of actual representative DCR values would enable
selection of cables that minimize energy losses.
• PoE switch manufacturers should state measurement accuracy for switch-reported PSE output power in
product documentation. In addition, PSE output voltage should be reported by the PoE switch.
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Symbols and Abbreviations
A
AC
ANSI
ASTM
AWG
CCS
CMP
CMR
CT
DC
DCR
DMM
DOE
∆
F/UTP
I2R
IEC
IEEE
IES
LED
lm
LPS
m
NEC
NFPA
Ω
PD
PoE
PSE
SSL
TIA
UPOE
UTP
U/UTP
V
W

ampere(s)
alternating current
American National Standards Institute
American Society for Testing and Materials
American Wire Gauge
Continental Control Systems
plenum-rated communications
riser-rated communications
current transformer
direct current
DC resistance
digital multimeter
U.S. Department of Energy
delta (i.e., difference)
foil (surrounding) unscreened twisted-pairs
current squared times resistance
International Electrotechnical Commission
Institute of Electrical and Electronics Engineers
Illuminating Engineering Society
light-emitting diode
lumen(s)
Limited Power Source
meter(s)
National Electrical Code
National Fire Protection Association
ohm(s)
powered device
Power over Ethernet
power sourcing equipment
solid-state lighting
Telecommunications Industry Association
Universal Power Over Ethernet
unshielded twisted-pair
unscreened and unshielded twisted pairs
volt(s)
watt(s)
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1 Introduction
Power over Ethernet (PoE) technology offers the ability to provide low-voltage direct-current (DC) power and
communication over a standard Ethernet cable—also referred to as a local area network (LAN) cable or
Category cable. Light-emitting diode (LED) technology has reduced the power required for lighting
applications, while advances in PoE standards and technology have yielded substantial increases in the amount
of power that can be delivered to a networked device over a single cable; this convergence is illustrated in
Figure 1.1. 1 As a result, PoE technology is emerging in lighting and many other applications beyond its
historical foothold in telephony and networking equipment. Several major LED luminaire manufacturers have
introduced PoE connected lighting systems in recent years, making this a potentially disruptive technology
(DOE 2017).

Figure 1.1. The general convergence between LED power requirements (decreasing with improved luminous efficacy) and
PoE power capabilities (increasing with new IEEE standards) over time

PoE lighting systems can offer improved efficiency relative to traditional line voltage alternating current (AC)
systems, because AC-DC power conversion losses can be reduced if this work is consolidated among one or
more PoE switches, rather than being distributed among a greater number of smaller LED drivers (Thomas,
Azevedo, and Morgan 2012). However, if the system is poorly designed, this effect can be offset to some
extent by increased losses associated with increased voltage drop in the low-voltage Ethernet cabling (i.e.,
cables and connectors). Such losses are commonly referred to as I2R losses, because the power dissipated by an
imperfect conductor is the product of its resistance (R) and the square of the current (I) it conveys.
This report summarizes the results of an exploratory study investigating power losses in Ethernet cables used
between PoE switches and luminaires in PoE connected lighting systems. Testing was conducted at the Pacific
Northwest National Laboratory (PNNL) Connected Lighting Test Bed in September 2017. A test setup
1

Chart generated using LED Lighting Facts data (http://www.lightingfacts.com/Analytics) accessed 2017-10-20.
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comprising a PoE switch, a set of luminaires, and a reference meter was used to test nine cable models of
varying design. Power measurements for two widely differing cable lengths—one near 50 m and another near
0 m—were used to determine the portion of PoE switch output power dissipated by each cable model. The
results were analyzed to explore the impact of cable selection on PoE lighting system energy efficiency, as
well as the effectiveness of guidelines recently introduced by the American National Standards Institute
(ANSI) C137 Lighting Systems Committee.

2 Background
Clause 33 of Institute of Electrical and Electronics Engineers (IEEE) Standard 802.3-2015 specifies the use of
twisted-pair Ethernet cables for PoE applications, where each cable is composed of eight conductors (i.e., four
pairs) and is terminated with RJ45 connectors. 2 IEEE 802.3 permits a Class 4 powered device (PD) to sink up
to 25.5 W from a Type 2 power sourcing equipment (PSE), which is capable of sourcing up to 30 W over two
of the four conductor pairs (2-pair PoE). 3 In contrast, PSEs implementing Cisco’s Universal Power Over
Ethernet (UPOE) technology can source up to 60 W over all four conductor pairs (4-pair PoE). Similarly, the
draft IEEE P802.3bt will use 4-pair PoE while continuing to comply with the Limited Power Source (LPS)
restrictions (IEEE 2013). 4 Power limits between 49 W (PD) and 100 W (PSE) will be introduced for several
new PD classes and PSE types, and the amendment is targeted for completion in September 2018 (IEEE 2017).
IEEE 802.3 specifies the use of Category 5 or better cables, limits the overall resistance of the link section5
(loosely referred to as the “channel”) between PSE and PD, and limits link section length to 100 m. The
standard references Telecommunications Industry Association (TIA) 568-C.2 performance requirements for
Category 5e or better cabling (TIA 2009), and references its precursor, TIA/EIA-568-A, for Category 5 (TIA
1995). 6 Cable power and energy losses are directly dependent on conductor resistance. Reducing conductor
resistance in twisted-pair cables generally entails one or more of the following: reducing the length of cabling
from PSE to PD (i.e., the link section), using conductors of numerically smaller American Wire Gauge (AWG)
designation (i.e., larger diameter), reducing the number of conductor twists per unit cable length (thereby
reducing conductor length), or using higher-conductance (purer copper) material.
Most manufacturers only publish maximum DC resistance (DCR) values for Ethernet cables, or instead simply
indicate compliance with TIA-568-C.2 limits. However, as PoE products have become more prevalent, some
manufacturers have begun publishing nominal DCR values below the standard limits; this can provide a better
understanding of actual cable performance, in turn helping to minimize cabling losses. Similarly, some
manufacturers publish maximum DCR values below the TIA-568-C.2 limits, and others have published a few
test reports from laboratories accredited to measure DCR in accordance with TIA-568-C.2. However, many
factors can potentially cause DCR to deviate from published values—examples include manufacturing
tolerances, installation variables (e.g., bundling), environmental conditions (e.g., ambient temperature), and
loading. In addition:
• For a given cable length and equal conductor cross-section characteristics (diameter and material),
twisted-conductor DCR is greater than straight-conductor DCR, because the straight conductor is shorter
(due to the lower conductor twist rate of zero). It is not clear to what extent twist rate and other relevant
design features (e.g., conductor diameter) vary between makes and models for a given Category and
AWG.
2 IEEE references International Electrotechnical Commission (IEC) Standard 60603-7 for specific 8-pin 8-contact (8P8C) modular connectors, commonly
referred to as RJ45 jacks (i.e., receptacles) and plugs.
3 The last major update to PoE standards was in amendment IEEE 802.3at-2009. An overview of recent revisions to IEEE 802.3 is provided at
http://www.ieee802.org/3/status/index.html.
4 IEEE 802.3at specifies that a PSE shall be classified as a Limited Power Source in accordance with IEC 60950-1, which effectively limits the power
sourced from a PSE port to 100 W (Shulman 2015).
5 In contrast, the term “link segment” can refer to the path from PD to Ethernet switch in midspan PSE applications.
6
TIA is in the process of changing the naming convention for its 568-series documents from [number]-[revision].[part] to [number].[part]-[revision] to
align with its other publications; for example, whereas TIA-568-B.2 was replaced by TIA-568-C.2, TIA-568-C.2 will be replaced by TIA-568.2-D.
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• The Maintain Power Signature (MPS) specified in IEEE 802.3 can have an AC component, and
common-mode AC output voltage is used for data transmission; although IEEE limits these AC
components, it is unclear whether they can have a substantial effect on cable energy losses (via
conductor impedance) that would not be anticipated considering DCR alone.
• Ambient temperature in the field can be expected to vary, and this will affect performance for most
system components (e.g., PoE switch efficiency, LED driver efficiency, conductor DCR).
To simplify the design of PoE lighting systems and limit cable losses to less than 5% over an “average” cable
length of 50 m, the recently published ANSI C137.3-2017 specifies minimum AWG for unshielded twistedpair (UTP) Ethernet cables as a function of power dissipated by the PD (ANSI 2017). 7 Notably, ANSI C137.3
bases its guidance on an included table of nominal DCR values derived from data published in American
Society for Testing and Materials (ASTM) B258-14 (ASTM 2014) for straight solid conductors at 20°C.
Tolerances are left to manufacturer discretion. 8

3 Scope
The goal of the study documented herein was to explore the impact of cable selection on PoE lighting system
energy efficiency, while also evaluating the effectiveness of the ANSI C137.3 guidance. Research questions
were as follows:
1. To what extent do power losses vary between models of cable differing in AWG, Category, fire rating,
shielding, or manufacturer?
2. Is the ANSI C137.3 guidance effective in limiting power losses to less than 5% in a 50 m cable from
PSE to PD?
3. What is the range of maximum and nominal DCR values claimed for relevant Ethernet cables, and
how does this compare with standard values?
4. Can cable power losses be determined from values reported by PSE or PD?
5. What have prior studies found regarding PoE cable energy losses?
The set of units acquired for testing consisted of 12 cable models differing in AWG, Category, fire rating,
shielding, or manufacturer. Two widely differing cable lengths—one near 50 m and another near 0 m—were
cut and terminated for each model so that the portion of POE switch output power dissipated by the cables
could be determined.

4 Test Setup
A functional test setup for measuring energy losses in Ethernet cables is shown in Figure 4.1. This
test setup uses a PoE source and PD to establish a known and stable source and sink of power and
energy through an Ethernet cable. It offers three possible locations for measuring power and energy:
I.
II.
III.

7
8

At or near AC (line-side) input to PoE source.
At or near DC (load-side) output from PoE source.
At or near DC input to PD.

Use of 5 m patch cables is permitted; losses in cables from PD to any indirect PoE loads are excluded.
IEEE and TIA limit DCR for performance; safety limits are given in NFPA 70, the National Electric Code (NEC).
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Figure 4.1. Block diagram of the test setup showing candidate measurement locations for this and future studies

5 Test Setup Implementation
The test setup described in Figure 4.1 was implemented using the following equipment:
I.
II.

Power was measured at Measurement Point I using a revenue-grade “watt-hour” type reference meter.
The PoE source was implemented by a PoE switch.

III.

Power was measured at measurement Point II by the PoE switch at each PSE port.

IV.

The PD was implemented by a set of PoE luminaires that were configured to draw constant electrical
power and thereby function as a fixed load.

Key equipment specifications are presented in the following subsections. A high-level block diagram of the
test setup implementation is shown in Figure 5.1. A photograph of the test setup implementation is shown in
Figure 5.2.

4

Figure 5.1. Block diagram of the test setup implementation

Figure 5.2. Photograph of the test setup implementation
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5.1 AC Reference Meter

The AC meter used at Measurement Point I was a Continental Control Systems (CCS) WattNode Revenue
watt-hour meter (model RWNC-3Y-208-MB) with CCS Accu-CT current transformer (model ACT-0750-020
Opt C0.6). The devices are separately rated at ±0.5% accuracy for power measurements down to 5% of rated
current (20 A), suggesting a combined accuracy of approximately ±1.0% down to 1.0 A (corresponding to 120
W at 120 V and 1.0 power factor). Additional details for the CCS devices are captured in Appendix A. The
reference meter components were calibrated by the manufacturer for energy measurements in October 2013,
and the manufacturer recommended a calibration interval of 8 years. Notably, the calibration certificate issued
by CCS indicates that test equipment used for calibration is traceable “to national standards administered by
U.S. NIST and/or Euromet members,” but the manufacturer is not accredited to perform calibrations. 9 The
reference meter records power measurements once every second by default. Power measurements were
transmitted by two Obvius Modbus Transceivers (model R9120-5) from the reference meter to an Obvius
AcquiSuite data logger (model A8812), which then uploaded data to the network. Additional details for the
Obvius devices are captured in Appendix B. The data logger was configured with a custom device framework
for the reference meter to query full-resolution values at every 5-minute mark.

5.2 PoE Source

The PoE source used as a DC meter at Measurement Point II was an 8-port Cisco Digital Building series PoE
switch that supports UPOE (model CDB-8U) and reports measured output power for each PSE. Cisco does not
publish measurement accuracy for this switch; for the purposes of this study, it was assumed to be no more
accurate than the reference meter. It was located at one end of the joined cable trays, installed in an open-sided
server rack, and operated at a nominal input voltage of 120 V (121.4 V to 124.3 V measured). To enable data
capture, a USB adapter cable was used to make a serial connection from a laptop to the console port of the PoE
switch. According to the PoE switch datasheet (see Appendix C), the power supply efficiency is 88% when
loaded at 20% of capacity, and 91% when loaded to 50% or 100% of capacity. The (input) power rating is 600
W, and power supply capacity is rated at 545 W. In contrast, the eight PSEs support up to 60 W each, for a
total switch output capacity of 480 W.

5.3 Powered Devices

Luminaires were placed two per shelf on wheeled, open-mesh racks, with minimum 12-inch spacing shelf-toshelf. It was expected that luminaire input power would not vary appreciably with different lengths of a given
model cable (Yseboodt 2017). However, it was also understood that luminaire input power can vary to some
extent with luminaire input voltage if input current is not adjusted perfectly to compensate for differences in
cable DCR (e.g., due to differences in cable length or conductor diameter). Two different models were used to
explore potential differences in their effect on percent cable power losses (e.g., due to behavior and loading
relative to PoE switch capacity).
• Luminaire A was a 2x2 LED troffer that acts as a direct PoE load (i.e., that can be connected directly to a
PoE switch via Ethernet cabling without any intermediate device) and is rated for use with Cisco
UPOE. 10 Four units were acquired in September 2015. At 46 W nominal input power for each luminaire,
the set would be expected to load the PoE switch to at least 38% of its capacity. Full output for this
dimmable luminaire was achieved using a “Full On” button in the manufacturer-provided software.
• Luminaire B was a 2x2 white-tunable LED troffer that acts as a direct PoE load and is rated for use with
Cisco UPOE. Eight units were acquired in June 2017, one of which was set aside as a “spare” unit for
bench-top testing. At 51 W nominal input power for each luminaire, the set was expected to more fully
9 Information on International Laboratory Accreditation Cooperation (ILAC) Mutual Recognition Arrangement (MRA) signatories is available online at
http://ilac.org/ilac-mra-and-signatories/.
10
ANSI C137.3 is also applicable to systems with luminaires configured as indirect PoE loads, but it does not address voltage drop in cable(s) from PD to
luminaire(s) in such applications.
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load the PoE switch to at least 74% of its capacity. To obtain full light output, the “Target Dim Level”
was set in the manufacturer-provided software to 255 (default value was 250), and the “Cool” and
“Warm” sliders were raised to the top of their scales (in lieu of using the “ALL ON” button that also
engaged RGB indicator lights).

5.4 Temperature Measurement

The thermometer used to measure room air temperature was a ThermoWorks ThermaData Wifi Temp Logger,
with a rated accuracy of ±0.5°C. Additional product details are captured in Appendix D. The device was
placed on a chair located midway down the length of the joined cable trays. Values measured by the external
sensor/probe were recorded; the device also reports internal measurements. Ambient temperature was
measured and logged once every minute, but was not regulated.

6 Test Method and Calculations
Eight 1.5-m (short) and eight 49-m (long) cable lengths were cut, bundled using zip-ties, and terminated for
each cable model. During testing, a bundle of long cables of a given model was laid in four 10-foot-long cable
trays joined end-to-end, with 0.5-inch clearance to floor and 18 inches of space side-to-side within tray. The
bundle was looped as needed within the 40-foot-long tray to accommodate the 49 m cable lengths from switch
to luminaires, taking care to keep cable bend radius well above 4x the cable diameter, per TIA-568-C.0. 11
Once a set of luminaires was operating in full output mode on a given model and length cable, PoE switch
output power was recorded manually at 5-minute intervals and time-stamped by running the “show clock” and
“show power inline police” commands from the prompt in a Tera Term shell. The switch reports power for
each PSE separately, along with a total value that often differed slightly from the sum of individual values; the
total value was used, assuming the discrepancy was due to rounding of reported individual values. Luminaires
were operated until power measurements demonstrated they had stabilized 12 to 0.3% according to the
following equation:

For both switch input power and switch output power, average power was then calculated from the five
measurements spanning this 20-minute period. 13 To enable comparison with measured switch output power,
the measured switch input power was scaled by the rated efficiency of the PoE switch power supply:

According to Siemon (http://www.siemon.com/us/standards/09-06-10-update-568-c.asp).
By way of comparison, Illuminating Engineering Society (IES) LM-79-08 specifies less than 0.5% maximum-to-minimum variation for at least three
measurements over a 30-minute period (IES 2008).
13
In some cases, as much as 50 minutes of luminaire operation was required before power measurements stabilized. Only the final 20 minutes of (stable)
data was used to calculate average power.
11
12
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To determine percent cable losses for comparison with ANSI C137.3 guidance at 50 m cable length, two
quantities must be determined: power dissipated by the cable (the numerator) and PSE output power (the
denominator). In this study, the numerator was determined by evaluating the delta (∆) or difference between
power measurements using different cable lengths. Although lengths of 0 m and 50 m would enable direct
comparison with the ANSI guidance, a 0 m length is not physically viable. Linear extrapolation was used to
estimate switch output power for 0 m and 50 m cable lengths based on the data for 1.5 m and 49 m lengths,
respectively:

Notably, this assumes that cable length has a negligible effect on PoE switch loading and efficiency (i.e.,
operating in a narrow band of a relatively flat “constant” region of the efficiency curve). The percentage of
PSE output power dissipated in a 50 m length of a given model cable was then calculated as follows:

Expected cable losses were calculated using an I2R model (Rogachev 2012, Yseboodt 2017) for comparison
with measured values. In the model (shown below), the term “pairset” refers to a set of two pairs—whereas 4pair PoE entails the use of two pairsets, 2-pair PoE uses one pairset.

8

Figure 6.1 shows the expected range of cable power losses for a 51 W luminaire (effectively two 25.5 W Class
4 PDs merged for 4-pair PoE) at 20°C, illustrating sensitivity to PSE output voltage and DCR. Note the
following:
•

Luminaire input power is assumed to not vary with varying luminaire input voltage.

•

IEEE 802.3 specifies a minimum PSE output voltage of 50 V for Type 2 PSEs (capable of sourcing 30
W over 2 pairs), and this value is expected to be applied to Type 3 PSEs in IEEE P802.3bt (capable of
sourcing 60 W over 4 pairs). In contrast, typical PSE voltage is expected to be at an intermediate value
(e.g., 54 V) between this floor and the 57 V ceiling. 14

•

Cable DCR depends on the selected wire gauge (e.g., 24 AWG) and the actual DCR of the conductors
used in the cable, presumed to be a value between the nominal DCR specified in ASTM B258-14 (by
AWG) and the maximum DCR specified in TIA-568-C.2. Although some cable manufacturers publish
nominal DCR specific to their products, most do not.

•

I2R losses are nonlinear, so average cable power losses for a system of equal-power luminaires with
50 m average cable length would exceed 5% if a 50 m length had exactly 5% losses. However, the
expected headroom at 50 m suggests that cable power losses for a system with 50 m average cable
length should still be less than 5% when following the ANSI C137.3 guidance. 15

Cisco documentation for the CDB-8U switch does not state nominal PSE output voltage.
It is assumed unlikely to have a perfect-storm scenario with IEEE-minimum PSE voltage, TIA-maximum cable DCR, and exactly 50 m average cable
length for a system of equal-power luminaires.
14
15
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Figure 6.1. Range of expected cable losses for 51 W PD at 20°C ambient

Whereas stated DCR values are typically specific to 20°C (reference temperature) operation, ambient
temperature was not controlled during testing. To facilitate comparison with measured losses, DCR values
used to calculate expected losses were adjusted using the temperature coefficient of resistance for copper
according to the following equation (Dellinger 1911), thereby using ambient temperature as a proxy for
conductor temperature:

The effect of ambient temperature variation on other system elements (e.g., luminaires, PoE switch, reference
meter) was assumed to be negligible, because measurements for different lengths of a given model cable were
consecutive. Similarly, the effect of connectors on percentage cable power losses was assumed to be
negligible, because the same make/model connector was used on both lengths (short and long) of a given
make/model cable. No patch panels or patch cables were used in this study.
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7 Test Units
ANSI C137.3 assumes conductors are solid (rather than stranded) for cable lengths exceeding 5 m, so only
solid-conductor cables were considered for testing in this study. 16 The cables selected for testing in this study
varied by AWG, Category, fire rating, shielding, and manufacturer. Following is a summary of factors that
drove product selection:
• Given the current availability of PoE switches supporting UPOE, and the expected completion of IEEE
P802.3bt in 2018, it stands to reason that 4-pair PoE will displace 2-pair PoE—if it has not done so
already—so as to minimize cabling losses and the cost of cabling. In 4-pair PoE applications, ANSI
C137.3 recommends 24 AWG minimum for PDs ≤ 55 W, and 23 AWG minimum for higher-power PDs.
These two AWGs appeared to be the most popular according to a search of the Anixter website; they
currently account for 54% (23 AWG) and 41% (24 AWG) of 4-pair solid-conductor voice/data cables on
the site. 17 In addition, several 22 AWG cables are specifically marketed for PoE applications. These
three AWGs were also used in a study conducted by UL and the Plastics Industry Association in
September 2015 (UL 2015).
• Similarly, three Categories—5e, 6, and 6A—were the most popular according to Anixter; they presently
account for 44% (Category 6), 35% (Category 5e), and 17% (Category 6A) of 4-pair solid-conductor
data cables on the website. A recent BSRIA study supports this rank order (Jones 2015), and these three
Categories were also used in the UL study.
• Although riser-rated communications (CMR) cables are common, plenum-rated communications (CMP)
cable is required in applications where luminaires are installed in a ceiling plenum. These two fire
ratings were the most popular according to Anixter; they presently account for 48% (plenum) and 43%
(riser) of 4-pair solid-conductor data cables on the website.
• ANSI C137.3 addresses unshielded twisted-pair (UTP) Ethernet cables as defined in TIA-568-C.2. This
effectively excludes shielded cables, which have an overall shield containing all eight conductors (e.g.,
F/UTP) and/or individual shields around each conductor, but includes U/UTP cables. 18 Cable shielding
types are also defined in ISO/IEC 11801:200 (Poulos 2015). Shielded cable definitions vary (IEEE
2012), 19 and some cables marketed as UTP contain “isolation wrap” that resembles the foil used in
F/UTP cables. In addition, several manufacturers market or recommend shielded cables for use in PoE
applications (Love 2015, Siemon 2017, Hitachi 2017), and some PoE luminaire manufacturers indicate
compatibility with shielded cables (Cree 2016). U/UTP and F/UTP were the two most popular types
according to Anixter; they presently account for 86% (U/UTP) and 13% (F/UTP) of 4-pair solidconductor data cables on the website.
• Specific makes and models were selected on the basis of popularity on Anixter and a review of
manufacturers represented on the TIA TR-42.7 subcommittee, which is responsible for TIA’s 568-series
standards for Telecommunications Copper Cabling Systems. The manufacturers included in this first
study were Belden (http://www.belden.com/), Berk-Tek (https://www.berktek.us/), CommScope
(http://www.commscope.com/), General Cable (https://www.generalcable.com/), Panduit
(https://www.panduit.com/), and Superior Essex (https://www.superioressex.com/).

16 Conductors can be solid copper if cables will not be subjected to repeated flexing, which would require stranded-conductor cables (e.g., as used in work
areas or between switch and any patch panel).
17 Of the 2579 products remaining after filtering on 2017-11-02 at https://www.anixter.com/en_us/products/Copper-Cabling-Infrastructure/Voice-and-DataCable/c/CV.
18 TIA has defined U/UTP as “unscreened and unshielded twisted pairs” and F/UTP as “foil (surrounding) unscreened twisted-pairs” (TIA 2017).
19 IEEE 1143-2012 defines F/UTP as “foil / unshielded twisted pair,” and later states: “In the foil twisted pair (FTP) construction the wire pairs are fully
covered with an overall foil shield. TIA also calls this cable design ScTP (screened twisted pair). [...] The ISO/IEC nomenclature is S/FTP (screened/foiltwisted pair). Other common terms are F/UTP or foiled/unshielded twisted-pair or S/UTP (screened/unshielded twisted-pair).”
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A set of different make/model connectors (i.e., RJ45 plugs) were selected based on overall cable diameter and
overall diameter of insulated conductor, as stated in product literature or from correspondence with the
manufacturers.
The cables acquired for this study from February through August 2017 are described in Table 7.1 and pictured
in Figure 7.1. The Test ID naming convention is AWG-Category-model. For example, 24Cat5e-2 is the second
of two cable models by different manufacturers that are 24 AWG and Category 5e. Although stated DCR was
not used as a basis for product selection, values (or references to standards that set limits) found in product
documentation are included in the table for reference.
Table 7.1. The set of cables acquired for testing

Test ID
AWG
Category Shielding
Fire Rating
Rated Conductor DCR
24Cat5e-1
24
5e
U/UTP
CMP
≤ 9.38 Ω / 100 m
24Cat5e-2
24
5e
U/UTP
CMP
≤ 9.38 Ω / 100 m
24Cat5e-3
24
5e
F/UTP
CMP
≤ 9.38 Ω / 100 m
24Cat6-1
24
6
UTP
CMP
≤ 9.38 Ω / 100 m
23Cat6-1
23
6
U/UTP
CMP
≤ 8.00 Ω / 100 m
23Cat6-2
23
6
U/UTP
CMP
7.0 Ω / 100 m
23Cat6-3
23
6
F/UTP
CMP
≤ 9.38 Ω / 100 m
23Cat6A-1
23
6A
U/UTP
CMP
< 9.38 Ω / 100 m
23Cat6A-2
23
6A
UTP
CMR
≤ 9.38 Ω / 100 m
23Cat6A-3
23
6A
U/UTP
CMP
≤ 7.61 Ω / 100 m
22Cat5e-1
22
5e
U/UTP
CMP
Not stated*
22Cat6-1
22
6
U/UTP
CMP
6.5 Ω / 100 m
* Datasheet referenced ANSI/TIA-568-C.2 and ANSI/ICEA S-90-661-2012.
Three of the twelve acquired make/model cables (shaded green in the table) were removed from this study for
compatibility reasons:
•

Test ID 23Cat6A-3 was not tested because it was found to have an insulated wire diameter visibly
smaller than stated on its datasheet, resulting in incompatibility with the selected RJ45 plug that had
been selected on the basis of overall cable diameter and overall insulated wire diameter. Notably, the
cable manufacturer does not publish a list of compatible plugs.

•

Test IDs 24Cat5e-3 and 23Cat6-3 (both F/UTP) were excluded from testing after luminaire B was
found to be incompatible with shielded cables—see discussion in Appendix E.
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24Cat5e-1

24Cat6-1

23Cat6-3†

23Cat6A-3†

24Cat5e-2

23Cat6-1

23Cat6A-1

22Cat5e-1

24Cat5e-3†

23Cat6-2

23Cat6A-2

22Cat6-1

Figure 7.1. The set of cables acquired for testing, each splayed at one end to display internal structure, and shown side-byside for uniform scale. Labels for the three products removed from testing are marked with a dagger (†) symbol.
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8 Test Results
Results from testing for the nine remaining cable models using luminaires A and B as lighting loads are
detailed in Sections 8.1 and 8.2.

8.1 Luminaire A as Load

Measurements from tests using luminaire A as the load are presented in Table 8.1. The switch-reported
measurements indicate average luminaire input power of roughly 44 W for each of the four luminaires in the
set. According to the product datasheet, this would indicate the PoE switch’s power supply was loaded to
about 32% of its capacity and was operating at 88%-91% efficiency. Lacking an overall efficiency rating for
the PoE switch (which would account for other internal losses in addition to power supply losses), an
intermediate value of 89.5% was used to calculate estimated output power from measured input power. As
would be expected, this yields estimates that are somewhat higher than the total output power reported by the
PoE switch. This may indicate that the actual efficiency of the PoE switch was somewhat lower than 89.5%,
but much of the discrepancy could also be explained by overlapping measurement uncertainties for the two
instruments (reference meter and PoE switch).
Table 8.1. Cable power losses with luminaire A as load. Values in Pc columns are conditionally formatted from low (green)
to high (orange).
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8.2 Luminaire B as Load

Measurements from tests using luminaire B as the load are presented in Table 8.2. The switch-reported
measurements indicate average luminaire input power of roughly 51 W for each of the seven luminaires in the
set. According to the product datasheet, this would indicate the PoE switch’s power supply was loaded to at
least 66% of its capacity and was operating at 91% efficiency. Lacking an overall efficiency rating for the PoE
switch (which would account for other internal losses in addition to power supply losses), this 91% value was
used to calculate estimated output power from measured input power. As would be expected, this yields
estimates that are somewhat higher than the total output power reported by the PoE switch. This may indicate
that the actual efficiency of the PoE switch was somewhat lower than 91%, but much of the discrepancy could
also be explained by overlapping measurement uncertainties for the two instruments (reference meter and PoE
switch).
Table 8.2. Cable power losses with luminaire B as load. Conditional formatting for values in Pc columns uses same scale as
in Table 8.1.

9 Analysis
The test results were analyzed primarily to explore the impact of cable selection on PoE system energy
efficiency and to evaluate the effectiveness of the ANSI C137.3 guidance. Several unanticipated outcomes and
observations—including variation in PoE luminaire behavior as PDs, and the effect of PoE system
15

characteristics beyond cable selection on overall energy performance—are also discussed in the following
subsections.

9.1 Impact of Cable Selection

The effect of cable selection on percent cable power losses is illustrated in Figure 9.1. Cable power losses
varied with AWG as expected—numerically larger AWG corresponds to smaller diameter and greater DCR
per unit length, resulting in greater I2R losses. Intra-manufacturer comparison was possible for two of the 24
AWG cables—losses for the Category 6 model were lower than for the Category 5e model. Inter-manufacturer
comparison was possible for all three AWGs:
• Losses for the two 24 AWG Category 5e models were comparable.
• Losses for the two 23 AWG Category 6A models were comparable to or lower than for the two 23 AWG
Category 6 models.
• In contrast, losses for the one 22 AWG Category 5e model were lower than for the one 22 AWG
Category 6 model.

Figure 9.1. Impact of cable selection on power losses with luminaire A as PD. Category is distinguished by color;
manufacturer is distinguished by symbol. With one exception (labeled CMR), cables were CMP.

Notably, product acquisition was generally not anonymous—most of the cables used in the study were donated
by the manufacturers of these products. Units were not obtained in a random manner, and quantities were not
of sufficient size to constitute a representative sample. Consequently, test results should not be construed as
being strictly representative of the tested models or other models of the same type.
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9.2 Effectiveness of ANSI C137.3 Guidance

Percent cable power losses were found to be consistently below the 5% threshold in ANSI C137.3 for all
combinations of cable model and cable length. Figure 9.2 shows that cable power losses with 44 W luminaire
A as PD ranged from 1.9% to 3.7%. By way of comparison, expected cable power losses with this lighting
load range from 2.1% to 3.9%. However, it should be noted that although predicted losses agreed closely with
measurements, luminaire A was not strictly proven to hold input power constant as cable length varied.

Figure 9.2. Expected vs. calculated 50 m cable losses with luminaire A as PD

9.3 Luminaires as PDs

The measurements with luminaire B as lighting load do not provide a clear indication of the energy
performance of Ethernet cables in PoE lighting applications, and therefore cannot be used to evaluate the
effectiveness of the ANSI C137.3 guidance. Calculated percent cable power losses with 51 W luminaire B as
PD ranged from just 0.5% to 1.1%. This runs counter to expectations—increased power and current should
translate to greater I2R losses relative to PSE output power. By way of comparison, Figure 6.1 shows that
expected cable power losses with this lighting load at 20°C range from 2.4% to 4.5%. In addition, the values
for percent cable power losses do not appear to vary appreciably with AWG or any other parameter.
To investigate the discrepancy between measured and expected values, a digital multimeter (DMM) was used
to measure DC input current, and a power quality analyzer was used to measure input voltage for the LED
driver in the eighth (spare) unit of luminaire B. Power was found to vary with cable length, and this was later
corroborated through testing conducted by the manufacturer of luminaire B. Given that luminaire B input
power decreases when longer cables are used (i.e., input current is not increased to fully compensate for
voltage drop), calculated percent cable power losses were lower than would be expected if luminaire input
power were instead held constant.
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9.4 PoE Lighting System Power

The power dissipated by conventional line-voltage lighting systems is traditionally evaluated primarily on the
basis of luminaire input power. In low-voltage (e.g., PoE) lighting systems, losses in other elements merit
additional consideration. Figure 9.3 shows that in this study, which followed the guidance in ANSI C137.3 to
limit cable losses to 5%, measurements that included the PoE switch and 49 m cables were 13% to 19% higher
than would have been expected considering luminaire input power alone. Values in the figure were calculated
as the quotient of measured PoE switch input power (with 49 m cables) and input power for luminaire A (four
44 W units) or luminaire B (seven 51 W units).

Figure 9.3. System power (including PoE switch and 49 m cables) relative to input power for luminaire A (4 x 44 W) and
luminaire B (7 x 51 W)

10 Summary and Recommendations
Based on the limited testing conducted for this study, and assuming average cable length does not exceed 50 m
in practice, the guidance offered in ANSI C137.3 appears to be effective in limiting cable energy losses to 5%
in PoE lighting applications. Although the standard’s best-case assumptions of ASTM-nominal DCR and
operation at 20°C may tend to understate DCR values in the field, this appears to be offset by the worst-case
accommodation of the minimum PSE voltage permitted by Clause 33 of IEEE 802.3. In addition, if luminaires
such as luminaire B reduce input power in response to reduced input voltage, this will further reduce cable
power losses. However, it should be noted that such a reduction in input power can be unacceptable if it
corresponds to an appreciable decrease in light output.
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10.1 Research Questions, Answers, and Recommendations

PoE is still relatively new to the lighting community, and by the same token, lighting is still relatively new to
the PoE community. The key research questions for this study are reviewed below, accompanied by answers
based on study findings and recommendations intended to help streamline the adoption of PoE technology in
lighting applications.
1. Question
• To what extent do power losses vary between models of cable differing in AWG, Category,
fire rating, shielding, or manufacturer?
Answer
• Cable losses were found to decrease with increasing conductor diameter (i.e., numerically
smaller AWG), as would be expected based on I2R models. No appreciable difference was
observed for the other characteristics; however, considering the study limitations (e.g., the set
of cables tested), this does not mean these parameters do not affect cable losses.
•

Notably, three of the twelve cables acquired for testing were ultimately excluded from this
study due to compatibility issues; two of these were the only shielded cables, so the effect of
shielding was not evaluated in this study.

Recommendation(s)
• The Institute of Electrical and Electronics Engineers (IEEE) 802.3 standard requires that
PSEs (i.e., PoE switch ports) and PDs (e.g., lighting loads with RJ45 jacks) be compatible
with all compliant cabling. Manufacturers of PoE switches or PoE lighting loads that are not
compliant with IEEE 802.3 should very clearly state as much in datasheets and other product
documentation, make no claims of IEEE PoE compliance, and consider redesigning so these
products can be certified compliant in the future. It is not sufficient to only state compatibility
in installation instructions, especially if such documentation is only provided after products
are received (i.e., after a system has been designed and products have been ordered). To
prevent damage and other issues that can arise from incompatibility, 20 buyers and specifiers
should consider using products independently certified (e.g., by the Ethernet Alliance) as
IEEE PoE compliant. 21
•

20
21

Manufacturers of Ethernet cables and connectors (RJ45 plugs) should publish lists of
compatible cabling products or parameters relevant to compatibility (e.g., tolerances for
overall diameters of cable and insulated conductors) in product documentation.

Specifically regarding compatibility with shielded cabling, see IEEE 802.3 subclause 33.4.1 (Isolation).
See http://ethernetalliance.org/poecert/ for details on the Ethernet Alliance PoE certification program.
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2. Question
• Is the ANSI C137.3 guidance effective in limiting power losses to less than 5% in a 50 m
cable from PSE to PD?
Answer
• Yes—the guidance was shown to effectively limit power losses to less than 5% in the cables
tested (varying in AWG, Category, fire rating, and manufacturer). However, these findings
should not be construed as being representative of all cable models and installation practices.
For example, test units were not acquired randomly, and the effects of shielding and bundling
were not explored in this study.
Recommendation(s)
• PoE lighting system designers should specify that minimum AWG must be per ANSI C137.3
guidance, or specify minimum AWG directly if even lower losses are desired.
•

PoE lighting system designers/suppliers/installers should publish statistics on PoE cable
lengths used for each project (e.g., minimum, maximum, mean, median), along with
information on each model used (e.g., AWG, Category, fire rating, shielding).

3. Question
• What is the range of maximum and nominal DCR values claimed for relevant Ethernet
cables, and how does this compare with standard values?
Answer
• With few exceptions, cable manufacturers only state maximum DCR or reference standards
that specify maximum DCR (e.g., TIA-568-C.2).
Recommendation(s)
• Given the growth of high-power PoE applications, Ethernet cable manufacturers should
publish rated DCR values specific to each product. Although these values would be expected
to fall between the ASTM-nominal and TIA-maximum values, knowledge of actual
representative DCR values would enable selection of products that minimize cable power
losses.
4. Question
• Can cable power losses be determined from values reported by PSE or PD?
Answer
• Cable power loss can be accurately determined using values reported by the PSE, if the PD
input power does not vary with cable length. Notably, of the two luminaires used as a lighting
load in this study, one did not hold input power constant in this manner, and neither model
reported its own power draw.
Recommendation(s)
• PoE switch manufacturers should state measurement accuracy for switch-reported PSE output
power in product documentation. In addition, PSE output voltage should be reported by the
PoE switch.
•

Manufacturers of lighting PDs (e.g., luminaires) should design their products such that input
power and light output do not vary with cable length, or should describe in product
documentation how these attributes vary with cable length.
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5. Question
• What have prior studies found regarding PoE cable energy losses?
Answer
• No other published studies of PoE cable energy losses were discovered. However, ANSI
C137.3 states that “resistive line losses within PoE lighting distribution systems utilizing
CAT5/6 cabling can exceed 15% depending on the gauge of PoE cable selected.” This is
supported by worst-case calculations presented in a recent white paper published by the
Ethernet Alliance (Yseboodt 2017).
Recommendation(s)
• Additional studies should be conducted for comparison with the findings reported herein.
Some examples are outlined in the next section.

10.2 Next Steps

This study is the first in a planned series of investigations into the system-level energy efficiency of PoE and
other connected lighting systems. DOE plans to conduct at least one follow-up study of PoE cabling efficiency.
Ideas presently under consideration include:
A. Characterization of additional models of a given cable type. For example, although CMP cables are
necessary in plenum applications and might be used more broadly to simplify inventory, CMR cables
are generally less expensive. Price also appears to correlate more strongly with Category than with
AWG; this may be driving recent product introductions by several manufacturers of 22 AWG
Category 5e cables marketed for PoE applications.
B. Characterization of cable types not yet tested (e.g., shielded, Category 7+). Although the greater
complexity of shielded cables appears to increase prices relative to unshielded cables, they are
marketed as offering superior heat dissipation (for reduced cable temperature) compared to unshielded
cables in PoE applications.
C. Characterization of the impact of cable installation variables. For example, a minimum radius of 4x
cable diameter is specified by TIA for UTP cables, but bends may sometimes be tighter depending on
installation practices. Similarly, bundle size is known to affect conductor temperature and DCR
through mutual heating.
D. Improvement of the test setup, perhaps through incorporation of PSE/PD emulators with power
measurement capability. 22 Although these types of equipment are not actual PoE switches or lighting
loads, they may better implement desired test setup functionality, and they offer the benefit of
published measurement accuracy ratings. They can also enable exploration of the effect of different
PSE output voltages within the range permitted by IEEE. It is expected that finalization of IEEE
P802.3bt will lead to more options for sources and sinks of PoE power that more fully stress cables to
standard limits.
DOE is also planning other studies that explore the impact of device selection or varying system use on system
energy performance for PoE or other connected lighting systems. Ideas presently under consideration include:
1. Characterization of the effect of PoE switch selection on PoE system energy efficiency.
2. Characterization of the effect of different connected lighting system architectures (e.g., direct or
indirect PoE loads from different manufacturers) on system energy efficiency.
3. Characterization of the effect of different connected lighting system use cases (e.g., varying in
network traffic) on system energy efficiency.

22

E.g., see Sifos Technologies (http://sifos.com/) and Reach Technology (https://www.reachtech.com/poe-tester/).
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DOE requests feedback on this report, and would welcome any input from lighting and PoE industry
representatives and other impacted stakeholders. In particular, DOE is interested in recommendations on what
next steps should be prioritized over others. Email us at DOE.SSL.UPDATES@ee.doe.gov.
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Appendix A. Specifications for CCS
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Appendix B. Specifications for Obvius
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Appendix C. Specifications for Cisco
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Appendix D. Specifications for ThermoWorks
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Appendix E. Shielded Cable Compatibility
After completing testing on nine different models of unshielded cable loaded with low-voltage Power over
Ethernet (PoE) luminaires A and B, testing was attempted for one of the two shielded cable models (Test ID
24Cat5e-3) using luminaire B. The shielded cables were terminated with shielded RJ45 plugs; foil and drain
wire were connected at both ends of the cable. While the set of luminaires was being connected to the switch, a
flash of light was observed (peripherally) from at least one of the luminaires. Soon after this, it was found that
the luminaires were not responding to commands issued via the manufacturer-provided software, suggesting
the luminaires and/or switch may have been damaged. As this was the first shielded cable tested, a
compatibility issue between cable and luminaire and/or between cable and switch was immediately suspected.
The shielded cables were replaced with unshielded cables (found to work in prior testing), but the luminaires
remained unresponsive. The luminaires were then replaced with luminaires A, and these, too, failed to respond
to commands issued via software provided by their manufacturer; this appeared to confirm that the switch had
been damaged when connected to luminaires B using shielded cabling. The authors then connected luminaires
B to a spare PoE switch of the same make/model, and found that these luminaires were still unresponsive.
Prior testing of the unshielded cable was repeated using the spare switch and luminaires A, confirming that a)
the spare switch and luminaires A appeared to be functioning normally, and b) the original switch and
luminaires B appeared to be damaged.
Luminaires A and B were then examined to better understand how their designs interact with shielded cabling.
The RJ45 connector shield and internal side springs in luminaire B did not appear to be connected to the troffer
chassis as measured at exposed troffer assembly screws—a Fluke 287 digital multimeter (DMM) reported
open circuit; however, they did appear to be connected to the same internal cable pins as the power return for
the LED drivers (less than 0.15 Ω measured via DMM). In contrast, the shield via (the plated metal connection
between metal power/signal layers in a printed circuit board) in luminaire A appeared to be connected to the
RJ45 shield but not connected to any of the six wires going to the light engine or the identified GND pin or
chassis. Thus the two luminaire designs appeared to differ in how they treat cable shields and drain wires
connected to shielded (metallic) RJ45 plugs: whereas luminaire B energizes them, luminaire A does not.
Manufacturer guidance regarding use of shielded cabling was investigated by reviewing relevant product
documentation (i.e., luminaire datasheet, gateway datasheet, web pages) published by the manufacturer of
luminaire B. None of the following keywords were found: shielded, unshielded, UTP, grounded/grounding,
isolated/isolation. This was also true for luminaire A. However, although no user manual or installation
instructions for luminaire B were available online, installation instructions shipped with luminaires did include
the following guidance in the last of eight steps: “Use a UTP (unshielded twisted pair) CAT5E or CAT6
cable.” The PoE switch manufacturer similarly called for “UTP” (versus U/UTP) on the product datasheet and
in the installation guide, but did not explicitly discourage F/UTP or other shielded cabling; a company
representative indicated in email correspondence that a shielded plug would make a grounded connection at the
switch.
Testing results were discussed with the manufacturer of luminaire B, who shortly afterward stated that product
documentation would be revised to clarify cabling compatibility, and indicated that the next version of the
luminaire (already in development) will be compatible with both shielded and unshielded cabling.
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