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METHODS AND EQUIPMENT FOR REDUCING POWER LOSS IN CELLULAR
SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority under 35 U.S.C. § 120 as a
continuation-in-part of U.S. Patent Application Serial No. 14/321,897, filed July 2, 2014,
which in turn claims priority to U.S. Provisional Patent Application Serial No. 61/940,631,
filed February 17, 2014, the entire contents of each of which is incorporated herein by

reference as if set forth in its entirety.

FIELD OF THE INVENTION
[0002] The present invention relates generally to cellular communications systems

and, more particularly, to cellular communications power supply systems.

BACKGROUND

[0003] Cellular base stations typically include, among other things, a radio, a
baseband unit, and one or more antennas. The radio receives digital information and control
signals from the basebahd unit and modulates this information into a radio frequency ("RF")
signal that is transmitted through the antennas. The radio also receives RF signals from the
antenna and demodulates these signals and supplies them to the baseband unit. The baseband
unit processes demodulated signals received from the radio into a format suitable for
transmission over a backhaul communications system. The baseband unit also processes
signals received from the backhaul communications system and supplies the processed
signals to the radio. A power supply may also be provided that generates suitable direct
current ("DC") power signals for powering the baseband unit and the radio. For example, the
radio is often powered by a (nominal) 48 Volt DC power supply in cellular systems that are
currently in use today. A battery backup is also typically provided to maintain service for a
limited period of time during power outages.

[0004] In order to increase coverage and signal quality, the antennas in many cellular
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base stations are located at the top of an antenna tower, which may be, for example, about
fifty to two hundred feet tall. Antennas are also routinely mounted on other elevated
structures such as, for example, buildings, utility poles and the like. Until fairly recently, the
power supply, baseband unit and radio were all located in an equipment enclosure at the
bottom of the antenna tower or other elevated structure to provide easy access for
maintenance, repair and/or later upgrades to the equipment. Coaxial cable(s) were routed
from the equipment enclosure to the top of the antenna tower and were used to carry RF
signals between the radios and the antennas.

[0005] FIG. 1 is a schematic diagram that illustrates a conventional cellular base
station 10. As shoWn in FIG. 1, the depicted cellular base station 10 includes an equipment
enclosure 20 and an antenna tower 30. The equipment enclosure 20 is typically located at the
base of the antenna tower 30, as shown in FIG. 1. A baseband unit 22, a radio 24 and a
power supply 26 are located within the equipment enclosure 20. The baseband unit 22 may
be in communication with a backhaul communications system 44. A plurality of antennas 32
(e.g., three sectorized antennas 32-1, 32-2, 32-3) are located at the top of the antenna tower
30. Three coaxial cables 34 (which are bundled together in FIG. 1 to appear as a single
cable) connect the radio 24 to the antennas 32. The antennas 32 are passive (unpowered)
devices and hence none of the equipment at the top of the tower 30 requires electrical power.

While the cellular base station 10 of FIG. 1 (and various other cellular base stations shown
in subsequent figures) is shown as a having a single baseband unit 22 and radio 24 to simplify
the drawings and description, it will be appreciated that cellular base stations routinely have
multiple baseband units 22 and radios 24 (and additional antennas 32), with three, six, nine or
even twelve baseband units 22 and radios 24 being common in state-of-the-art systems.

[0006] In recent years, a shift has occurred and the radio 24 is now more typically
located at the top of the tower 30 in new or upgraded cellular installations. Radios that are
located at the top of the tower 30 are typically referred to as remote radio heads ("RRH") 24",
Using remote radio heads 24' may significantly improve the quality of the cellular data
signals that are transmitted and received by the cellular base station, as the use of remote
radio heads 24' may reduce signal transmission losses and noise. In particular, as the coaxial
cables 34 that connect radios 24 that are located at the base of an antenna tower 30 to
antennas 32 that are mounted near the top of the antenna tower 3) may have lengths of 100-
200 feet or more, the signal loss that occurs in transmitting signals at cellular frequencies
(e.g., 1.8 GHz, 3.0 GHz, etc.) over these coaxial cables 34 may be significant, as at these

frequencies the coaxial cables 34 tend to radiate RF signal energy. Because of this loss in
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signal power, the signal-to-noise ratio of the RF signals may be degraded in systems that
locate the radio 24 at the bottom of the antenna tower 30 as compared to cellular base stations
having remote radio heads 24' that are located at the top of the tower 30 next to the antennas
32 (note that signal losses in the cabling connection between the baseband unit 22 at the
bottom of the tower 30 and the remote radio head 24" at the top of the tower 30 may be much
smaller, as these signals are transmitted at baseband or intermediate frequencies as opposed
to RF frequencies, and because these signals may be transmitted up the antenna tower 30 over
fiber optic cables, which may exhibit lower losses).

[0007] FIG. 2 is a schematic diagram that illustrates a cellular base station 10’
according to this newer architecture. As shown in FIG. 2, the baseband unit 22 and the
power supply 26 may still be located at the bottom of the tower 30 in the equipment
enclosure 20. The radio 24 in the form of an remote radio head 24" is located at the top of the
tower 30 immediately adjacent to the antennas 32. While the use of tower-mounted remote
radio heads 24' may improve signal quality, it also, unfortunately, requires that DC power be
delivered to the top of the tower 30 to power the remote radio head 24'. As shown in FIG. 2,
typically a fiber optic cable 38 connects the baseband unit 22 to the remote radio head 24' (as
fiber optic links may provide greater bandwidth and lower loss transmissions), and a separate
or combined ("composite") power cable 36 is provided for delivering the DC power signal to
the remote radio head 24'. The separate power cable 36 is typically bundled with the fiber
optic cable 38 so that they may be routed up the tower 30 together. In other cases (not
shown), a hybrid fiber optic/power trunk cable 40 may be run up the tower 30. Such trunk
cables 40 typically have junction enclosures on either end thereof, and a first set of data and
power jumper cables are used to connect the junction enclosure on the ground end of the
trunk cable 40 to the baseband unit(s) 22 and power supply 26, and a second set of data and
power (or combined data/power) jumper cables are used to connect the junction enclosure at
the top of the tower 30 to the remote radio heads 24.

[0008] Another change that has occurred in the cellular industry is a rapid increase in
the number of subscribers as well as a dramatic increase in the amount of voice and data
traffic transmitted and received by a typical subscriber. In response to this change, the
number of remote radio heads 24' and antennas 32 that are being mounted on a typical
antenna tower 30 has also increased, with twelve remote radio heads 24' and twelve or more
antennas 32 being a common configuration today. Additionally, higher power remote radio
heads 24' are also being used. These changes may result in increased weight and wind

loading on the antenna towers 30 and the need for larger, more expensive trunk cables 40.
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SUMMARY

[0009] Pursuant to embodiments of the present invention, methods of powering a
radio that is mounted on a tower of a cellular base station (or other location remote from an
associated baseband unit) are provided in which a DC power signal is output from a power
supply and the DC power signal that is output from the power supply is supplied to the radio
over a power cable. A voltage level of the DC power signal that is output from the power
supply is adjusted so that the DC power signal at a radio end of the power cable that is remote
from the power supply has a substantially constant voltage notwithstanding variation in a
current level of the DC power signal.

[0010] In some embodiments, the power supply may be a programmable power
supply, and the method may further include inputting information to the power supply from
which the voltage level of the DC power signal that is output from the power supply can be
computed that will provide the DC power signal at the radio end of the power cable that has
the substantially constant voltage. In such embodiments, the information that is input to the
power supply may be a resistance of the power cable, or may be a length of the power cable
and a diameter of the conductive core of the power cable.

[0011] In some embodiments, a current level of the DC power signal that is output
from the power supply may be measured, and the voltage level of the DC power signal that is
output by the power supply may be automatically adjusted in response to changes in the
measured output current of the DC power signal that is output from the power supply to
provide the DC power signal at the radio end of the power cable that has the substantially
constant voltage.

[0012] In some embodiments, the programmable power supply may be a DC-to-DC
converter that receives a DC power signal that is output from a second power supply and
adjusts a voltage level of the DC power signal that is output from the second power supply to
provide the DC power signal at the radio end of the power cable that has the substantially
constant voltage. The substantially constant voltage may be a voltage that exceeds a nominal
power signal voltage of the radio and which is less than a maximum power signal voltage of
the radio.

[0013] In some embodiments, a signal may be transmitted over the power cable that
is used to determine an electrical resistance of the power cable. In some embodiments, the
substantially constant voltage may be significantly higher than a maximum power signal
voltage of the radio, and a tower-mounted DC-to-DC converter may be used to reduce a

voltage of the power signal at the radio end of the power cable to a voltage that is less than
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the maximum power supply voltage of the radio.

[0014] Pursuant to further embodiments of the present invention, cellular base
station systems are provided that include a tower with at least one antenna mounted thereon,
an RRH mounted on the tower, a baseband unit that is in communication with the remote
radio head, a programmable power supply located remotely from the remote radio head; and
a power cable having a first end that receives a DC power signal from the programmable
power supply and a second end that provides the DC power signal to the remote radio head.
The programmable power supply is configured to provide a substantially constant voltage at
the second end of the power cable by adjusﬁng a voltage level of the DC power signal output
by the programmable power supply based on the current level output by the programmable
power supply and a resistance of the power cable.

[0015] In some embodiments, the programmable power supply may include a user
interface that is configured to receive a resistance of the power cable and/or information
regarding characteristics of the power cable from which the resistance of the power cable
may be calculated. The programmable power supply may further include a current
measurement module that measures a current output by the power supply. The
programmable power supply may also include a feedback loop that adjusts the voltage level
of the DC power signal output of the power supply based on the measured current output by
the power supply.

[0016] - Pursuant to still further embodiments of the present invention, programmable
- power supplies are provided that include an input; a conversion circuit that is configured to
convert an input signal into a DC output signal that is output through an output port; a current
sensor that senses an amount of current output through the output port; a user input that is
configured to receive information relating to the resistance of a cabling connection between
the programmable power supply output port and a radio; and a control module that is
configured to control the conversion circuit in response to information relating to the
resistance of the cabling connection and the sensed amount of current to adjust the voltage of
the output signal that is output through the output port so that the voltage at the far end of the
cabling connection may remain substantially constant despite changes in the current drawn by
the radio.

[0017] In some embodiments, the information relating to the resistance of the
cabling connection may comprise a length of the cabling connection and a size of the
conductor of the cabling connection.

[0018] Pursuant to additional embodiments of the present invention, methods of
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powering a cellular radio that is located remotely from a power supply and an associated
baseband unit and that is connected to the power supply by a cabling connection are provided
in which a DC power signal is output from the power supply and the DC power signal that is
output from the power supply is supplied to the radio over the cabling connection. A voltage
level of the DC power signal that is output from the power supply is adjusted in response to a
current level of the DC power signal that is output from the power supply so that the voltage
of the DC power signal at a radio end of the cabling connection is maintained at a pre-
selected level, range or pattern.

[0019] In some embodiments, the voltage level of the DC power signal that is output
from the power supply is adjusted in response to a feedback signal that is transmitted to the
power supply from a remote location. The feedback signal may include information
regarding the measured voltage of the DC power signal at the radio end of the power cable.

[0020] Pursuant to yet additional embodiments of the present invention, methods of
powering a radio that is mounted on a tower of a cellular base station (or other location
remote from an associated baseband unit) are provided in which a DC power signal is output
from a power supply and the DC power signal that is output from the power supply is
supplied to the radio over a power cable. A voltage of the DC power signal is measured at a
radio end of the power cable that is remote from the power supply. Information regarding the
measured voltage of the DC power signal at the radio end of the power cable is
communicated to the power supply. A voltage level of the DC power signal that is output
from the power supply is adjusted in response to the received information regarding the
measured voltage of the DC power signal at the radio end of the power cable.

[0021] In some embodiments, the voltage level of the DC power signal that is output
from the power supply may be adjusted in response to the received information to maintain
the DC power signal at the radio end of the power cable at a substantially constant voltage

notwithstanding variation in a current level of the DC power signal.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] FIG. 1 is a simplified, schematic view of a traditional cellular base station
architecture.
[0023] FIG. 2 is a simplified, schematic view of a conventional cellular base station
in which a remote radio head is located at the top of the antenna tower.
[0024] FIG. 3 is a simplified, schematic view of a cellular base station according to

embodiments of the present invention.
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[0025] FIG. 4 is a schematic block diagram of a programmable power supply
according to embodiments of the present invention.

[0026] FIG. S is a schematic block diagram of a programmable power supply
according to further embodiments of the present invention.

[0027] FIG. 6 is a simplified, schematic view of a cellular base station according to
still further embodiments of the present invention.

[0028] FIG. 7 is a simplified, schematic view of a cellular base station according to
yet additional embodiments of the present invention.

[0029] FIG. 8 is a simplified, schematic view of a cellular base station according to
yet further embodiments of the present invention.

[0030] FIG. 9 is a flow chart illustrating operations of methods according to
embodiments of the present invention.

[0031] FIG. 10 is a perspective view of an end portion of a hybrid power/fiber optic
cable that may be used in cellular base stations according to embodiments of the present
invention.

[0032] FIG. 11 is a schematic drawing illustrating how a jumper cable that includes
a shunt capacitance unit may be used to connect a junction enclosure to a remote radio head
in cellular base stations according to embodiments of the present invention.

[0033] FIG. 12 is a a partially-exploded perspective view of a shunt capacitance unit
according to certain embodiments of the present invention.

[0034] FIG. 13 is a circuit diagram of a shunt capacitance unit that includes an
avalanche diode according to embodiments of the present invention.

[0035] FIG. 14 is a circuit diagram of a shunt capacitance unit that includes an
avalanche diode according to further embodiments of the present invention.

[0036][0037] FIG. 15 is a schematic diagram of a cellular base station according to

still further embodiments of the present invention.

DETAILED DESCRIPTION
[0038] Pursuant to embodiments of the present invention, methods for delivering DC
power to a remote radio head ("RRH") of a cellular base station are provided, along with
related cellular base stations, programmable power supplies, power cables and other
equipment. These methods, systems, power supplies, cables and equipment may allow for
lower power supply currents, which may reduce the power loss associated with delivering the

DC power signal from the power supply at the base of a tower of the cellular base station to

-7-



WO 2016/178750 PCT/US2016/022575

the remote radio head at the top of the tower. Since cellular towers may be hundreds of feet
tall and the voltage and currents required to power each remote radio head may be quite high
(e.g., about 50 Volts at about 20 Amperes of current), the power loss that may occur along
the hundreds of feet of cabling may be significant. Thus, the methods according to
embodiments of the present invention may provide significant power savings which may
reduce the costs of operating a cellular base station. Additionally, since the cellular base
stations may use less power, the cellular base stations according to embodiments of the
present invention may require fewer back-up batteries while maintaining operation for the
same period of time during a power outage. This reduction in the amount of back-up
batteries may represent a significant additional cost savings.

[0039] The DC voltage of a power signal that is supplied to a remote radio head
from a power supply over a power cable may be determined as follows:

VrrH = Vps — VDrop N
where Vyry is the DC voltage of the power signal delivered to the remote radio head, Vps is
the DC voltage of the power signal that is output by the power supply, and Vi is the
decrease in the DC voltage that occurs as the DC power signal traverses the power cable
connecting the power supply to the remote radio head. It will be appreciated that the power
cable that connects the power supply to the remote radio head will typically have multiple
segments. For example, in cellular base stations in which a trunk cable is used, the power
cabling connection will typically include a power jumper cable that connects the power
supply to one end of the trunk cable, the power conductors in the trunk cable, and a power
jumper cable that connects the other end of the trunk cable to the remote radio head. Vpyp in
Equation (1) may be determined according to Ohm's Law as follows:

Virop = Icavie*Reable , 2)
where Rcapie 1s the cumulative electrical resistance (in Ohms) of the power cable connecting
the power supply to the remote radio head and Icae is the average current (in Ampetes)
flowing through the power cable to the remote radio head and back to the power supply.

[0040] The cumulative electrical resistance Rcapie 0f the power cable is inversely
proportional to the diameter of the conductor of the power cable (assuming the conductors
have a circular cross-section). Thus, the larger the diameter of each conductor (i.e., the lower
the gauge of the conductor), the lower the resistance of the power cable. Typically, power
cables utilize copper conductors due to the low resistance of copper. Copper resistance is
specified in terms of unit length, typically milliohms (m€2)/ft; as such, the cumulative

electrical resistance Rcapie Of the power cable increases with the length of the power cable.
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Thus, the longer the power cable, the higher the voltage drop Vprep.

[0041] Typically, a minimum required voltage for the power signal, a nominal or
recommended voltage for the power signal and a maximum voltage for the power signal will
be specified for the remote radio head. Thus, the power supply at the base of the tower must
output a voltage Vps such that Vrry will be between the minimum and maximum specified
voltages for the power signal of the remote radio head. As Vpyop is a function of the current
Icable that is supplied to the remote radio head (see Equation (2) above), if Vpg (the voltage
output by the power supply) is constant, then the voltage Vrry of the power signal that is
delivered to the remote radio head will change with the variation in current I,y drawn by the
remote radio head from the power supply. Conventionally, the voltage output of the power
signal by the power supply (Vps) is set to ensure that a power signal having the nominal
specified voltage is supplied to the remote radio head (or at least a value above the minimum
required voltage for the power signal) when the remote radio head draws the maximum |
anticipated amount of current from the power supply.

[0042] The power that is lost (Press) in delivering the power signal to the remote

radio head over a power cable may be calculated as follows:

— — _ 2 ’
PLoss - VDrop*ICable - (ICable*RCable)*ICable - ICable *RCable (3)

In order to reduce or minimize Py, the power supply may be set to output a DC power
signal that, when it arrives at the remote radio head, will have a voltage that is near the
maximum voltage specified for the remote radio head, as the higher the voltage of the power
signal that is delivered to the remote radio head, the lower the current Icqpie of the power
signal on the power cable. As is apparent from Equation (3) above, the lower the current
Icabie Of the power signal on the power cable, the lower the power loss Progs.

[0043] Pursuant to embodiments of the present invention, the power supply may
comprise a programmable power supply which may (1) sense the current being drawn by the
remote radio head (or another equivalent parameter) and (2) adjust the voltage of the power
signal that is output by the power supply to substantially maintain the voltage of the power
signal that is supplied to the remote radio head at or near a desired value, which may be, for
example, the maximum voltage for the power signal that may be input to the remote radio
head. In order to accomplish this, the resistance of the power cable may be input to the
programmable power supply or, alternatively, other information such as, for example, the
length and size of the power cable, or the impedance of the power cable, may be input to the

programmable power supply and the programmable power supply may determine the
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resistance of the power cable from this information. As the current drawn by the remote
radio head varies, the programmable power supply may adjust the voltage of its output power
signal to a voltage level that will deliver a power signal having a preselected voltage (e.g., the
maximum supply voltage of the remote radio head minus a buffer) to the remote radio head.
As shown by Equation (3) above, this will reduce the power loss along the power cable, and
hence may reduce the cost of powering the remote radio head. As a typical remote radio head
may require about a kilowatt of power and may run 24 hours a day, seven days a week, and
as a large number of remote radio heads may be provided at each cellular base station (e.g.,
three to twelve), the power savings may be significant.

[0044] Embodiments of the present invention will now be discussed in more detail
with reference to FIGS. 3-14, in which example embodiments of the present invention are
shown.

[0045] FIG. 3 is a schematic block diagram of a cellular base station 100 according
to embodiments of the present invention. As shown in FIG. 3, the cellular base station 100
includes an equipment enclosure 20 and a tower 30. The tower 30 may be a conventional
antenna or cellular tower or may be another structure such as a utility pole or the like. A
baseband unit 22, a first power supply 26 and a second power supply 28 are located within
the equipment enclosure 20. An remote radio head 24' and plurality of antennas 32 (e.g.,
three sectorized antennas 32-1, 32-2, 32-3) are mounted on the tower 30, typically near the
top thereof.

[0046] The remote radio head 24' receives digital information and control signals
from the baseband unit 22 over a fiber optic cable 38 that is routed from the enclosure 20 to
the top of the tower 30. The remote radio head 24' modulates this information into an RF
signal at the appropriate cellular frequency that is then transmitted through one or more of the
antennas 32. The remote radio head 24" also receives RF signals from one or more of the
antennas 32, demodulates these signals, and supplies the demodulated signals to the baseband
unit 22 over the fiber optic cable 38. The baseband unit 22 processes the demodulated
signals received from the remote radio head 24' and forwards the processed signals to the
backhaul communications system 44. The baseband unit 22 also processes signals received
from the backhaul communications system 44 and supplies them to the remote radio head
24'. Typically, the baseband unit 22 and the remote radio heads 24' each include optical-to-
electrical and electrical-to-optical converters that couple the digital information and control
signals to and from the fiber optic cable 38.

[0047] The first power supply 26 generates one or more DC power signals. The

-10-
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second power supply 28 in the embodifnent of FIG. 3 comprises a DC-to-DC converter that
accepts the DC power signal output by the first power supply 26 as an input and outputs a DC
power signal having a different voltage. A power cable 36 is connected to the output of the
second power supply 28 and is bundled together with the fiber optic cable 38 so that the two
cables 36, 38 may be routed up the tower 30 as an integral unit. In other embodiments, a
hybrid power/fiber optic trunk cable 40 may be routed up the tower 30, and jumper cables
may be connected between each end of the trunk cable 40 and the baseband units 22, power
supply 28 and remote radio heads 24'. In such embodiments, the power jumper cables and
the power portion of the trunk cable 40 comprise the power cable 36. While the first power
supply 26 and the second power supply 28 are illustrated as separate power supply units in
the embodiment of FIG. 3, it will be appreciated that the two power supplies 26, 28 may be
combined into a single power supply unit in other embodiments.

[0048] As noted above, pursuant to embodiments of the present invention, DC power
supplies are provided that may deliver a power signal to a remote radio head 24' with
reduced power loss. In the embodiment of FIG. 3, the power supply 28 comprises a
programmable power supply that receives an input DC power signal from power supply 26
and outputs a DC power signal to the power cable 36. Pursuant to embodiments of the
present invention, the voltage of the DC power signal output by the power supply 28 may
vary in response to variations in the current of the DC power signal drawn from the power
supply 28 by the remote radio head 24'. In particular, the voltage of the DC power signal
output by the power supply 28 may be set, for example, so that the voltage of the DC power
signal at the far end of the power cable 36 (i.e., the end adjacent the remote radio head 24') is
relatively constant. If the voltage of the DC power signal at the far end of power cable 36 is
set to be at or near the maximum specified voltage for the power signal of the remote radio
head 24', then the power loss associated with supplying the DC power signal to the remote
radio head 24' over the power cable 36 may be reduced, since the higher DC power signal
voltage will correspondingly reduce the current of the DC power signal that is supplied over
the power cable 36.

[0049] State-of-the-art remote radio heads 24" are often designed to be powered by a
48 Volt (nominal) DC power signal. While the minimum DC power signal voltage at which
the remote radio head 24" will operate and the maximum DC power signal voltage that may
be provided safely to the remote radio head 24" without the threat of damage to the remote
radio head 24' vary, typical values are a 38 Volt minimum DC power signal voltage and a 56

Volt maximum DC power signal voltage. Thus, according to embodiments of the present
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invention, the programmable power supply 28 may be designed to deliver a DC power signal
having a relatively constant voltage of, for example, about 54 or 52 Volts at the far end of the
power cable 36 (i.e., about, 2-4 Volts less than the maximum DC power signal voltage for the
remote radio head 24') in order to reduce the power loss associated with the voltage drop that
the DC power signal experiences traversing the power cable 36.

[0050] In order to maintain the voltage of the DC power signal at the far end of the
power cable 36 at or near a predetermined value (or within a pre-selected range), it may be
necessary to know two things. First, the current Icaye of the DC power signal drawn from the
power supply must be known, as Equations (1) and (2) show that Vggy is a function of the
current Icape. Second, the resistance Regple 0f the power cable 36 must also be known, as it
too affects the voltage drop. The programmable power supplies according to embodiments of
the present invention may be configured to measure, estimate, calculate or receive both
values.

[0051] For example, FIG. 4 is a block diagram of a programmable power supply 150
in the form of a DC-to-DC converter according to certain embodiments of the present
invention that may be used as the power supply 28 of FIG. 3. As shown in FIG. 4, the
programmable power supply 150 includes an input 152, a conversion circuit 154 and an
output 156. The power supply 150 further includes a current sensor 158, a user input 160,
control logic 162 and a memory 164.

[0052] The input 152 may receive a DC power signal such as the DC power signal
output by power supply 26 of FIG. 3. The DC power signal that is received at input 152 may
be a DC power signal having a relatively constant voltage in some embodiments. The
conversion circuit 154 may be a circuit that is configured to convert the voltage of the signal
received at input 152 to a different DC voltage. A wide variety of DC conversion circuits are
known in the art, including, for example, electronic, electrochemicalv and electromechanical
conversion circuits. Most typically electronic circuits using inductofs or transformers are
used to provide high efficiency voltage conversion. The output 156 may output the DC
power signal having the converted voltage.

[0053] The current sensor 158 may be any appropriate circuit that senses the current
level of the DC power signal output through the output 156. For example, the current sensor
158 may be implemented using a resistor having a known value along the power supply
conductor or the return conductor internal to the power supply 158, along with a voltage
meter that measures the voltage drop across the resistor, and the current may then be

calculated according to Ohm's Law. It will also be appreciated that the current sensor 158
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may be located external to the power supply 150 in other embodiments. The current drawn
by the remote radio head 24' may vary over time depending upon, for example, the number of
carriers that are transmitting at any given time and whether the remote radio head 24' isin a
steady-state mode, powering up or rebooting. The current sensor 158 may sense the current
level of the DC power signal at the output 156 and provide the sensed current level to the
control logic 162. The control logic 162 may then adjust parameters of the conversion circuit
154 so as to adjust the voltage of the DC power signal output through output 156 so that the
voltage at the far end of the power cable 36 that is attached to output 156 may remain, for
example, substantially constant despite changes in the current drawn by the remote radio head
24" and corresponding changes in the voltage drop that occurs over the powér cable 36.

[0054] While FIG. 4 illustrates a power supply 150 that comprises a DC-to-DC
converter, it will be appreciated that in other embodiments an AC-to-DC converter may be
used instead. In such embodiments, the input 152 receives an alternating current ("AC")
power signal and the conversion circuit 154 converts the AC power signal to a DC power
signal and also adjusts the voltage level of the DC power signal that is output through output
156 to an appropriate level in the manner discussed above.

[0055] As noted above, in some embodiments, the voltage of the power signal that is
output by the power supply 150 may be set so that the voltage at the far end of the power
cable 36 remains at or near a predetermined voltage level that is just under a maximum power
signal voltage level that is specified for the remote radio head 24'. In order to achieve this, it
is necessary to know the voltage drop that the DC power signal will experience traversing the
power cable 36, as this voltage drop affects the voltage of the DC power signal at the far end
of the power cable 36. In some embodiments, the user input 160 to the power supply 150
allows a user to input a cumulative resistance value for the power cable 36 which the user
may obtain by, for example, calculation (based on the length, size and material of the
conductor of the power cable 36), measurement (done, for example, by transmitting a signal
over the power cable 36 and measuring the voltage of the signal output at the far end of the
power cable 36) or a combination thereof (e.g., measuring or estimating a cumulative
impedance value for the power cable 36 and converting this cumulative impedance value into
a cumulative resistance value). In other embodiments, the user may input physical
characteristics of the power cable 36 such as size, length, conductor material, model number,
etc.) and algorithms, equations, look-up tables and the like that are stored in the memory 164
of the power supply 150 may be used to calculate or estimate the resistance of the power

cable 36. In still other embodiments, the resistance of the power cable 36 may already be
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known because it was measured or otherwise determined by the cable manufacturer. By way
of example, the power cable 36 may have the resistance printed on the jacket thereof, coded
into a bar code that is provided on the power cable 36 or stored in an RFID chip that is part of
the power cable.

[0056] In some embodiments, the second power supply 28 of FIG. 3 may further be
configured to measure a resistance of the power cable 36. For example, FIG. 5 is a block
diagram of a programmable power supply 150" according to further embodiments of the
present invention that may be used to implement the power supply 28 of FIG. 3. The power
supply 150' is very similar to the power supply 150 of FIG. 4, except that it further includes a
cable resistance measurement circuit 170 that may be used to measure a resistance of the
power supply cable. The cable resistance measurement circuit 170 may be implemented in a
variety of ways. For example, in some embodiments, the cable resistance measurement
circuit 170 may transmit a voltage pulse onto the power cable 36 and measure the reflected
return pulse (the far end of the power cable may be terminated with a termination having
known characteristics). The current of the voltage pulse may be measured, as well as the
voltage level of the reflected return pulse. The control logic 162 may then apply Ohm's law
to calculate the resistance of the power cable 36. In other embodiments, at the far end of the
power cable 36 the two conductors thereof may be shorted and a voltage pulse may again be
transmitted through the power cable 36. The current level of the pulse and the voltage level
of the return pulse may be measured and the control logic 162 may again use these measured
values to calculate the resistance of the power cable 36. In other embodiments, the DC
resistance can be measured by transmitting alternating current signals at different frequencies
over the power cable 36 and measuring the amplitude and phase shift of these signals at the
far end of the power cable 36. The DC resistance may then be calculated using the measuréd
results. Other ways of measuring the resistance of a wire segment are known to those of skill
in the art and may be used instead of the example methods listed above. Additional
techniques for determining the resistance are also discussed below.

[0057] It will also be appreciated that in other embodiments the resistance
measurement circuit 170 may measure an impedance of the power cable 36 and use this
measured impedance value to determine the resistance of the power cable 36. It will also be
appreciated that the power supply 150' may alternatively comprise an AC-to-DC converter,
similar to power supply 150 discussed above.

[0058] Another technique for reducing the power loss associated with supplying

power to a tower-mounted remote radio head of a cellular base station is to dramatically
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increase the voltage of the DC power signal fed to the power cable that supplies the DC
power signal to the remote radio head (i.e., well beyond the maximum specified voltage for
the DC power signal that can be handled by the remote radio head), and then using a tower-
mounted DC-to-DC converter power supply to step-down the voltage of the DC power signal
to a voltage level that is appropriate for the remote radio head. As the increased voltage
reduces the current necessary to supply the wattage required by the remote radio head, the
power loss along the power cable may be reduced (see Equation (2) above). This is referred
to as a "Buck-Boost" scheme where the DC-to-DC converter at the bottom of the tower is a
"Boost" converter that increases the voltage of the DC power signal above the necessary level
to operate the remote radio head and the DC-to-DC converter at the top of the tower is a
"Buck" converter that reduces the voltage of the DC power signal to a desired level. FIG. 6
is a simplified, schematic view of a cellular base station 200 that implements such a
technique.

[0059] As shown in FIG. 6, the cellular base station 200 is similar to the cellular
base station 100 described above with reference to FIG. 3, except that the cellular base
station 200 further includes a third power supply 42 in the form of a tower-mounted DC-to-
DC converter. In the depicted embodiment, the second power supply 28 of FIG. 3 is omitted,
and the first power supply 26 is configured to supply a DC power signal having a voltage that
is significantly higher than the maximum voltage for the DC power signal that may be
supplied to the remote radio head 24' (e.g., a 150 volt DC power signal). This high voltage
DC power signal may experience significantly less power loss when tréversing the power
cable 36. The DC-to-DC converter 42 is mounted at the top of the tower 30 between the far
end of cable 36 and the remote radio head 24'. The DC-to-DC converter 42 may be a Buck
converter that decreases the voltage of the DC power signal received over the power cable 36
to a voltage level appropriate for supply to the remote radio head 24'.

[0060] As is shown in FIG. 7, in other embodiments, the second power supply 28
may be included in the form of, for example, a DC-to-DC Boost power converter 28 that
supplies a high voltage DC power signal (e.g., 150 volts) to the power cable 36. In this
embodiment, a DC-to-DC converter is provided at both ends of the power cable 36 so that
both of the above-described techniques for reducing power losses in the power cable 36 may
be implemented. In particular, the second power supply 28 may output a DC power signal
having high voltage (e.g., on the order of 150 volts) that fluctuates with power requirements
of the remote radio head 24' so that the DC power signal that is supplied at the far end of

power cable 36 is set at a relatively constant value. The tower-mounted DC-to-DC converter
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42 may be a simple device that down-converts the voltage of the DC power signal by a fixed
amount X. The power supply 28 may be programmed to deliver a DC power signal to the
tower-mounted DC-to-DC converter 42 that has a voltage level that is set as follows:

Voltage of Delivered Power Signal = Vrgg-Max — Vmargin + X “)
where Vyru.Max i the maximum power signal voltage that the remote radio head 24' is
specified to handle, Viarin 18 a predetermined margin (e.g., 2 Volts), and X is the magnitude
of the voltage conversion applied by the tower-mounted DC-to-DC converter 42.

[0061] One disadvantage of the approaches of FIGS. 6 and 7 is that they require the
installation of additional equipment (i.e., the DC-to-DC converter 42) at the top of the tower
30. As the cost associated with sending a technician up a tower may be very high, there is
generally a preference to reduce or minimize, where possible, the amount of equipment that is
installed at the top of a cellular base station tower, and the equipment that is installed at the
top of cellular towers tends to be expensive as it typically is designed to have very low failure
rates and maintenance requirements in order to reduce the need for technician trips up the
tower to service the equipment. The inclusion of an additional DC-to-DC converter 42 also
represents a further increase in capital expenditures, which must be weighed against the
anticipated savings in operating costs. |

[0062] Thus, pursuant to embodiments of the present invention, a DC power signal
may be supplied to a tower-mounted remote radio head (or other equipment) of a cellular
base station over a power cable, where the DC power signal that is supplied to the remote
radio head may have, for example, a relatively constant voltage level or a voltage level within
a pre-selected range, regardless of the current drawn by the remote radio head. The voltage
level of the DC power signal supplied to the remote radio head may be set to be at or near a
maximum power signal voltage that the remote radio head can handle, thereby reducing the
power loss of the DC power signal. In this manner, the operating costs for the cellular base
station may be reduced.

[0063] In some embodiments, the programmable power supply according to
embodiments of the present invention may comprise a DC-to-DC converter that may be
connected between a power supply of an existing base station and the power cable that
supplies the power signal to a tower-mounted remote radio head. Thus, by adding a single
piece of equipment at the bottom of the tower, an existing cellular base station may be
retrofitted to obtain the poWer savings available using the techniques according to
embodiments of the present invention.

[0064] While the above-described embodiments of cellular base stations according
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to embodiments of the present invention include a first, conventional DC power supply 26
and a second DC-to-DC converter power supply 28, it will be appreciated that in other
embodiments these two power supplies may be replaced with a single programmable power
supply that may be configured to output a relatively constant voltage at the far end of the
power cable 36 in the manner described above.

[0065] Pursuant to further embodiments of the present invention, a feedback loop
may be used to control the voltage of the DC power signal output by the DC power supply so
that the voltage of the DC power signal at the far end of the power cable that connects the
power supply and the remote radio head is maintained at a desired level or within a desired
range. FIG. 8 is a simplified, schematic view of one example embodiment of a cellular base
station 400 that implements such a technique.

[0066] As shown in FIG. 8, the cellular base station 400 is similar to the cellular
base station 100 described above with reference to FIG. 3, except that the cellular base
station 400 further includes a DC power signal voltage control module 50 that is co-located
with the remote radio head 24'. The DC power signal voltage control module 50 may be
located, for example, at or near the top of the tower 30. In an example embodiment, the DC
power signal voltage control module 50 may include a voltage meter 52, a controller 54 and a
communications module 56. The voltage meter 52 may be used to monitor the voltage of the
DC power signal at the far end of the power cable 36 (i.e., at the top of the tower 30). Any
appropriate voltage meter may be used that is capable of measuring the voltage of the DC
power signal at the far end off cable 36 (or at another location proximate the remote radio
head 24") or that may measure other parameters which may be used to determine the voltage
of the DC power signal at the far end off cable 36.

[0067] The voltage meter 52 may supply the measured voltage (or other parameter)
to the controller 54. The controller 54 may then control the communications module 56 to
transmit the measured or calculated voltage of the DC power signal at the far end of power
cable 36 to, for example, the second power supply 28. The controller 54 may comprise any
appropriate processor, controller, ASIC, logic circuit or the like. The communications
module 56 may comprise a wired or wireless transmitter. In some embodiments, the
communications module 56 may comprise a wireless Bluetooth transmitter or a cellular
transmitter. In other embodiments, the communications module 56 may communicate with
the second power supply 28 over a separate wired connection. In still other embodiments, the
communications module 56 may communicate with the second power supply 28 by

modulating a signal onto the power cable 36. In each case, the communications module 56
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may transmit the measured or calculated voltage of the DC power signal at the far end of
power cable 36 (i.e., at the top of the tower 30) to the second power supply 28. The second
power supply 28 may adjust the voltage of the DC power signal that it outputs in response to
these commﬁnications in order to generally maintain the voltage of the DC power signal at
the far end of power cable 36 at a desired and/or pre-selected level or range. Thus, in this
embodiment, an active feedback loop may be used to maintain the voltage of the DC power
signal at the far end of power cable 36 at the pre-selected level.

[0068] The power signal voltage control module 50 may be a standalone unit or may
be integrated with other equipment such as, for example, the remote radio head 24'.

[0069] While the embodiments that have been described above deliver a DC power
signal over the power cable 36, it will be appreciated that in other embodiments, an AC
power signal may be used instead. For example, if the remote radio heads 24' are designed to
be powered by an AC power signal as opposed to a DC power signal, then the power supply
28 may output an AC power signal as opposed to a DC power signal, but may otherwise
operate in the same fashion. Likewise, in embodiments that include a DC-to-DC converter
42 at the top of the tower 30, an AC-to-DC converter may be used instead or, if the remote
radio head 24" is designed to be powered by an AC power signal, the DC-to-DC converter 42
may be replaced with a Buck AC-to-AC converter. Thus, it will be appreciated that the
embodiments illustrated in the figures are exemplary in nature and are not intended to limit
the scope of the present invention. A

[0070] In the various embodiments described above, a single power cable 36 has
been provided that connects the power supply 28 to the remote radio head 24'. It will be
appreciated, however, that the cabling connection for the power signal between the power
supply 28 and the remote radio head 24' may include multiple elements such as two or more
power cables 36 that are connected by connectors in other embodiments.

[0071] A method of powering a radio that is mounted on a tower of a cellular base
station according to embodiments of the present invention will now be described with
reference to the flow chart of FIG. 9. As shown in FIG. 9, operations may begin with a user
inputting information to a programmable power supply which may be used by the
programmable power supply to set a voltage level of the power signal that is output by the
programmable power supply (block 300). This information may comprise, for example, an
electrical resistance of a cabling connection between the power supply and the radio or
information regarding the characteristics of the cabling connection that may be used to

calculate this resistance. While not shown in FIG. 9, it will be appreciated that in other
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embodiments the programmable power supply may have the capability to measure and/or
calculate the resistance of the cabling connection, thereby avoiding the need for any user
input. The programmable power supply may use this information to output a DC power
signal that is provided to the remote radio head over the cabling connection (block 310). The
current of the DC power signal that is output may then be measured (block 320). The
programmable power supply may then automatically adjust a voltage level of the power
signal output by the power supply in response to changes in the measured output current so
that the power signal that is input to the remote radio head will have a substantially constant,
preselected voltage (block 330). As shown in FIG. 9, blocks 320 and 330 are then performed
continuously at appropriate intervals in order to maintain the voltage level of the power signal
that is input to the remote radio head at the preselected voltage level.

[0072] Embodiments of the present invention provide power supplies for powering
radio equipment such as a remote radio head that is located remote from the power supply

used to power the radio (e.g., the power supply is at the base of a cellular tower and the radio
| is at the top of the tower) without receiving any feedback from the radio or from other
equipment at the remote location. The voltage of the DC power signal supplied by the power
supply to the radio over a cabling connection may be controlled to be at a pre-selected level
or within a pre-selected range. The pre-selected level or range may be set to reduce or
minimize power losses that may be incurred in transmitting the DC power signal over the
cabling connection. The voltage of the DC power signal output by the power supply may be
varied based on variations in the current drawn from the power supply so that the voltage of
the DC power signal at the radio end of the cabling connection may have, for example, a
substantially constant value. This value may be selected to be near a maximum value for the
voltage of the DC power signal that may be input to the remote radio head.

[0073] While typically the voltage of the DC power signal output by the power
supply will be adjusted to maintain the voltage of the DC power signal at the radio end of the
cabling connection at a set level, it will be appreciated that some variation is to be expected
because of the time it takes the DC power supply to adjust the voltage of the DC power signal
in response to changes in the current drawn. It will also be appreciated that the voltage of the
DC power signal need not be maintained at a constant level at the radio end of the cabling
connection but, may instead have different characteristics (e.g., set to be maintained within a
predetermined range, set to return to a pre-selected level within a certain time period, etc.) in
some embodiments.

[0074] In some current cellular systems, the voltage drop that occurs on the DC
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power signal that is delivered from a power supply located at the bottom of a cellular tower to
the remote radio head at the top of the tower may be so large that the voltage of the DC
power signal at the top of the tower may be insufficient to run the remote radio head. Asa
result, larger diameter power cables are used in some cases that exhibit less DC resistance
and hence a smaller voltage drop. However, the use of larger power cables has a number of
disadvantages, as these cables can be significantly more expensive, add more weight to the
tower (requiring that the towers be constructed to handle this additional weight) and more
difficult to install.

[0075] Pursuant to embodiments of the present invention, this problem may be
reduced or solved by controlling the voltage of the DC power signal output by the power
supply so that the voltage of the DC power signal at the radio end of the power cabling
connection may be at or near a maximum voltage for the DC power signal that may be input
to the remote radio head. This scheme reduces the voltage drop of the DC power signal, and
hence may allow for the use of smaller diameter power cables and/or longer cabling
connections between the power supply and the remote radio head. Additionally, as noted
above, as the power losses experienced by the DC power signal are less, the costs of
operating the remote radio head may also be reduced.

[0076] As discussed above with reference to FIG. 4, in some embodiments of the
present invention, the resistance of the power cabling connection between the power supply
28 at the bottom of the tower 30 and the remote radio head 24' at the top of the tower 30 may
be measured or otherwise determined. This measured resistance is then used to set the
voltage of the power supply signal output by the second power supply 28 in order to maintain
the voltage of the power supply signal that is supplied to the remote radio head 24' at the top
of the tower 30 at a relatively constant value despite variation in the current drawn by the
remote radio head 24'.

[0077] In some embodiments, the resistance of the power cabling connection may be
determined by sending two signals over the power cabling connection that have different
voltages, and then measuring the current of these signals. So long as the power drawn by the
remote radio head remains constant during the time that the two signals are transmitted, then
the resistance of the power cabling connection may be calculated using known relationships
between voltage, current, resistance and power.

[0078] In particular, based on Equations (1) and (2) above, the voltage of a first
power signal output from the power supply (Vps)) relates to the current flowing through the

power cabling connection (I;) and the resistance Rcqpie 0f the power cabling connection as
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follows:

Vps1 = Vrru1 + Vprop1t = Vrrat + I*Reable )
where Vrrpy is the voltage of the first power signal as received at the remote radio head, and
where Vprp1 is the voltage drop experienced by the first power signal in traversing the power
cabling connection to the remote radio head.

[0079] As noted above, it is assumed that the power (P) that is drawn by the remote
radio head remains constant. The relationship between the voltage of the first power signal at
the remote radio head and the power (P) drawn by the remote radio head is as follows:

Vrruy = P/ 6)

[0080] Combining Equations (5) and (6),the voltage of the first power signal output
from the power supply (Vps)) is as follows:

Vest = P/T; + I1*Reable (7)
[0081] Solving Equation (7) for the power (P):

Vpsi - I1*Reable = P/Iy (8)
P = (Vesi*Ii) — Reavie*11?) ©

[0082] In Equation (9), Vps; is known (as the voltage of the first power signal may
be set to a predetermined value), and the value of I; is measured using, for example, a current
sensor in the power supply. The values of P and Rcapie, however, may not be known.

[0083] As noted above, a second power signal (Vps2) may then be output from the
power supply and the current (I,) of this second power signal is measured. Combining
Equations (5) and (6) above with respect to the second power signal, the voltage thereof may
be determined as follows:

Ves2 = P/l + L*Reabie (10

[0084] As noted above, if the power (P) drawn by the remote radio head remains
constant, then P is the same in Equations (9) and (10). Accordingly incorporating Equation
(9) into Equation (10) for the power (P):

Ves2 = [(Vesi*11) — Reapte*1) /2 + L¥*Reapte (11)
[0085] Solving Equation (11) for Reape:

Vps2*Io = Vpsi*I; = Reapie* 11 + L*Reaple (12)
Vpsa* I - Vesi*I1 = Reapie(li” + 1) (13)
Reavte = (Ves2*La - Ves*IN/(11% + 1Y) (14)

[0086] Thus, so long as the power (P) drawn by the remote radio head remains
constant, by sending two power signals having different voltages (namely Vps; and Vpsz)

from the power supply and measuring the current of these signals (namely (I; and 1),
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Equation (14) may be used to determine the resistance Rcapie Of the power cabling
connection.

[0087] In order to reduce the likelihood that the power (P) drawn by the remote radio
head changes between the times that the first power signal and the second power signal are
injected onto the power cabling connection, the first and second power signals may be
transmitted with little delay therebetween. As the currents I; and I, can be measured very
quickly, it may be possible to send the first and second power signals and measure the |
currents thereof within a very short timeframe such as, for example, a millisecond or even
less. Moreover, in some embodiments, the system may be programmed to transmit more than
two power signals having different voltages to the remote radio head and measuring the
associated currents of these signals in order to either (1) identify and discard power signals
that were transmitted during a time when the power (P) drawn by the remote radio head
changed or (2) reduce the impact of any such measurements that are made when the power
drawn by the remote radio head changed by averaging those measurements with a large
number of measurements that were taken at times when the power drawn by the remote radio
head did not change. |

[0088] In some embodiments, the resistance Rcapie Of the power cabling connection
may be calculated using a running average of the voltages and measured currents of a series
of power signals that are transmitted over the power cabling connection. For example, if a
total of X power signals having different voltages are transmitted over the power cabling
connection, the resistance Rcypie 0f the power cabling connection may be determined as
follows:

Reavte = Z [(Voswe1*Inst = Vesa*Tn)/(Tori” + LD)VX (15)
where the summation is performed from n=1 to (X — 1).

[0089] The resistance Rcapre of the power cabling connection may change over time
based on a number of factors such as, for example, changes in the ambient temperature,
variation in the current drawn (which can affect the temperature), corrosion on the power
cable or connectors, and various other factors. These changes, however, tend to not be large
and tend to occur gradually over time. By way of example, the resistance of copper changes
~ at a rate of about 0.4% for each change in temperature by one degree Celsius. Thus, if over
the course of a day the temperature changes from 80 °F (26.7 °C) to 50 °F (10 °C), the
resisténce of the power cabling connection may change by nearly 7%. However, for

resistance measurements obtained using the above-described techniques that are taken on the
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order of seconds (or less) apart, the change in resistance due to temperature changes will be
almost zero.

[0090] In some embodiments, the resistance Reapie of the power cabling connection
may be determined using Equation (15) above where "X" is set to a relatively large number
(e.g., 100, 1000, etc.). Herein, the elements of the suﬁnhation in Equation (15) for each
different value of "n" may be referred to as a "sample." Using as an example the case where
X is set to 500, the voltage of the power supply signal output by the power supply may be
varied 500 times and the resistance corresponding to each different voltage may then be
measured. By way of example, if at the start of the resistance measurement procedure the
power supply is outputting a power supply signal having a voltage of 58 Volts so as to
provide a power signal at the input of the remote radio head having a desired voltage (e.g.,
between 54-56 Volts), during the resistance measurement the voltage of the power supply
signal might be toggled every 10 milliseconds between 58 Volts and 57.5 Volts. In this case,
the summation in Equation (15) would have 499 samples, and assuming that the current
drawn by the remote radio head does not change, each of these samples should theoretically
have the same value, although, measurement error, noise, changes in temperature and the like
will in practice introduce a small amount of variation. After the 499 samples included in the
summation of Equation (15) in this example are determined, they may be reviewed and any
sample that appears as an outlier may be discarded, as the outliers are likely associated with a
change in the power drawn by the remote radio head. The outliers may be particularly easy
to identify as they may tend to occur in consecutive locations in the summation if the voltage
of the power supply single is toggled at an appropriate rate.

[0091] In the above approach, any appropriate technique may be used for identifying
and discarding outliers among the samples summed in Equation (15). In one embodiment,
samples that vary by more than a predetermined amount from, for example, an average value
may be discarded. In another embodiment, samples that vary by more than a predetermined
percentage from an average or median value of a large group of samples that all have
approximately the same value may be discarded. Many other algorithms or techniques may
be used. In this fashion, distortions that might otherwise be introduced in the resistance
calculation can be avoided or at least reduced.

[0092] By way of example, after computing the 499 samples in the above-described
embodiment, a median value of the 499 samples may be determined. Ones of the 499
samples that deviated from the median sample by more than a pre-determined amount such

as, for example, a pre-selected percentage (e.g., 5%), might then be discarded. The
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remaining samples may then be summed to determine the resistance of the power cabling
connection.

[0093] In other embodiments, the resistance Rcapie 0f the power cabling connection
may be determined using Equation (15), even though some error may be introduced by
samples taken during periods when the power drawn by the load changed. This approach will
introduce some amount of error, although the degree of error may be reduced by performing
the resistance calculation more often and/or by using larger numbers of samples.

[0094] One advantage of the above-described approaches for determining the
resistance Rcaple Of the power cabling connection is that it allows calculation of the resistance
during normal operation by simply toggling or otherwise adjusting the voltage of the power
supply signal a small amount during normal operation. The amount of the voltage swing may
be selected based on a variety of different factors. Moreover, while in the above examples
the voltage is toggled between two different values, it will be appreciated that more than two
values may be used.

[0095] It should also be noted that an initialization procedure may be used when the
cellular base station first goes operational, as initially the appropriate voltage level for the
power supply signal may not be known. In this case, a relatively low power supply voltage
may be used that is less than the maximum operating voltage of the remote radio head to
ensure that a power supply signal having too large a voltage level is not supplied to the
remote radio head. Once a resistance measurement has been performed, the voltage levels of
the power supply signal may be increased by an appropriate amount in view of the measured
resistance and the loading of the remote radio head. 7

[0096] One or more of the techniques for determining the resistance of the power
cabling connection that are described above may then be performed on a periodic or non-
periodic basis. In this manner, changes in the resistance of the power cabling connection may
be identified and the voltage of the power supply signal may be adjusted accordingly.
Between a hot summer day and a cold winter night the temperature might vary by as much as
100 °F (55 °C), which corresponds to more than a 20% change in the resistance of the power
cabling connection. By adjusting the power supply voltage to account for such changes in the
resistance, the current of the power supply signal may be reduced by a corresponding amount,
which may result in significant power savings since the power loss due to the voltage drop
varies according to the square of the current.

[0097] In some embodiments, the power supply 150 of FIG. 5 may be used to

measure the resistance based on the above-described techniques. The control logic 162 may
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toggle the voltage of the power signal output by the power supply 150 in the manner
described above, and the current sensor 158 may sense the current of the power signal
associated with each different voltage value. The control logic 162 may identify and discard
outlying samples using, for example, one of the techniques discussed above, and may
determine the resistance of the power cabling connection according to Equation (15).

[0098] One potential problem with setting the voltage of the power supply signal
that is output by the power supply to a voltage that will result in the power supply signal
having a voltage at the remote radio head that is near the maximum specified voltage that the
remote radio head may handle is the possibility that power supply sbignal that is input to the
remote radio head may occasionally have a voltage that exceeds the maximum specified
power supply voltage for the remote radio head. This may occur, for example, if there is a
sudden decrease in the amount of traffic supported by the remote radio head, which will in
turn result in a sudden decrease in the current drawn by the remote radio head. This sudden
drop in current may significantly reduce the voltage drop along the power cabling connection,
thereby increasing the voltage of the power signal received at the remote radio head. While
the power supplies according to embodiments of the present invention are designed to adjust
the voltage of the power supply signal to compensate for this drop in current, if the voltage of
the power supply signal is not adjusted quickly enough, the reduction in the voltage drop may
result in the power supply signal at the remote radio head having a voltage that exceeds the
maximum specified power signal voltage for the remote radio head. As this may damage the
remote radio head, suitable margins may be built into the system to protect the remote radio
heads from such possible damage.

[0099] Moreover, rapid changes in the current flowing through the power cable may
also result in a temporary change in the voltage of the power signal due to the inductance of
the cable. When the current of the power signal is rapidly increased, this may result in a

phenomena known as the dI/dt voltage drop, which may be determined as follows:
Vavdt prop = L*(d1/dt) (16)

where L is the cumulative inductance of the conductors and dI/dt is the rate of increase in the
current flowing through the conductors with respect to time. When the the current of the
power signal is rapidly decreased, the reverse process happens, which may result in a
temporary increase in the voltage of the power signal, which is referred to herein as a "dI/dt
voltage spike."

[0100] Pursuant to further embodiments of the present invention, a shunt capacitance
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unit may be provided between the two conductors of a power cable that is used to provide a
DC power signal to a remote radio head. This shunt capacitance unit may be implemented,
for example, using one or more capacitors that are coupled between the power supply and
return conductors of the power cable. The shunt capacitance unit may dampen increases in
the voltage of the power signal that result from changes in the current drawn by the remote
radio head and by the above-discussed dI/dt voltage spikes. As such, a sudden decrease in
the current level of the power signal due to a sudden drop in the loading of the remote radio
head may result in a smaller and slower reduction in the voltage drop, and hence the shunt
capacitance unit may help protect the remote radio head from situations where the current of
the power signal drops more quickly than the voltage of the power signal output by the power
supply can be adjusted. '

[0101] By way of example, a remote radio head that is located atop a large antenna
tower may specify a maximum voltage of 58 Volts for the power signal. Pursuant to
embodiments of the present invention, the voltage of the power signal at the output of the
power supply (which is located at the bottom of the tower) that is used to power this remote
radio head may be adjusted so that the power signal at the input to the remote radio head has
a voltage of approximately 55 Volts. In situations where the remote radio head is drawing a
large amount of current, the power supply may output a power signal having a voltage of, for
example, 62 volts in order to supply a power signal having 55 Volts to the remote radio head
due to the large I’R power‘ loss along the power cabling connection between the power supply
and the remote radio head. If all of the traffic to the remote radio head suddenly drops, the
current drawn by the remote radio head will decrease in a dramatic fashion, as will the PR
power loss along the power cabling connection. As a result, the voltage of the power signal
that is delivered to the remote radio head may be on the order of 60 Volts or more if the
power supply fails to adjust the output voltage quickly enough, and this 60 Volt power signal
may potentially damage electronics in the remote radio head.

[0102] FIG. 10 is a schematic diagram that illustrates a trunk cable assembly 500
that may used, for example, to implement the trunk cable 40 of a cellular base station. The
trunk cable assembly 500 includes nine individual power cables and nine sets of four optical
fibers, and hence is suitable for transmitting power and data to a cellular base station that
includes nine remote radio heads. As an example, if the cellular base station 100 of FIG. 3
were modified to include nine baseband units 22, remote radio heads 24 and twenty-seven
antennas 32, then the trunk cable 500 of FIG. 10 would be a suitable replacement for the
trunk cable 40 illustrated in FIG. 3. The trunk cable 500 includes shunt capacitances
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between the two conductors of each of the nine power cables that are used to provide DC
power signals to the nine remote radio heads 24. These shunt capacitances may dampen
increases in the voltage of the DC power signals that may result from changes in the current
drawn by the remote radio head and by associated dI/dt voltage spikes in order to protect the
remote radio heads from overshooting the maximum specified voltage for the power signal
input thereto.

[0103] As shown in FIG. 10, the trunk cable assembly 500 comprises a hybrid
power/fiber optic cable 510, a first breakout canister 530 and a second breakout canister 550.
The hybrid power/fiber optic cable 510 has nine individual power cables 512 (the callout in

FIG. 10 depicts thrée of these individual power cables 512) that may be grouped together
into a composite power cable 518 and a fiber optic cable 520 that includes thirty-six optical
fibers 522. The fiber optic cable 520 may comprise a jacketed or unjacketed fiber optic cable
of any appropriate conventional design. The composite power cable 518 and the fiber optic
cable 520 may be enclosed in a jacket 524. While one example hybrid powet/fiber optic
cable 510 is shown in FIG. 10, it will be appreciated that any conventional hybrid
power/fiber optic cable may be used, and that the cable may have more or fewer power cables
and/or optical fibers. An exemplary hybrid power/fiber optic cable is the HTC-24SM-1206-
618-APV cable, available from CommScope, Inc. (Hickory, North Carolina).

[0104] The first breakout canister 530 comprises a body 532 and a cover 536. The
body 532 includes a hollow stem 534 at one end that receives the hybrid power/fiber optic
cable 510, and a cylindrical receptacle at the opposite end. The cover 536 is mounted on the
cylindrical receptacle to form the breakout canister 530 having an open interior. The hybrid
power/fiber optic cable 510 enters the body 532 through the stem 534. The composite power
cable 518 is broken out into the nine individual power cables 512 within the first breakout
canister 530. Each individual power cable 512 includes a power supply conductor 514 and a
return conductor 516. The nine individual power cables 512 are routed through respective
sockets 538 in the cover 536, where they are received within respective protective conduits
540 such as a nylon conduit that may be sufficiently hardy to resist damage from birds. Thus,
each individual power cable 512 extends from the first breakout canister 530 within a
respective protective conduit 540. The optical fibers 522 are maintained as a single group
and are routed through a specific socket 538 on the cover 536, where they are inserted as a
group into a conduit 542. Thus, the first breakout canister 530 is used to singulated the nine
power cables 512 of composite power cable 518 into individual power cables 512 that may be

run to respective remote radio heads 24, while passing all of the optical fibers 522 to a
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separate breakout canister 550.

[0105] As shown in the inset of FIG. 10, a plurality of shunt capacitance units in the
form of ceramic capacitors 548 are provided within the first breakout canister 530. Each
capacitor 548 is connected between the power supply conductor 514 and the return conductor
516 of a respective one of the individual power cables 512. For low frequency signals such
as a DC power signal, the shunt capacitors 548 appear as an open circuit, and thus the DC
power signal that is carried on each individual power cable 512 will pass by the respective
shunt capacitors 548 to the remote radio heads 24. However, as discussed above, during
periods where the current carried by an individual power cable 512 drops in response to a
decreased loading at the remote radio head 24, the shunt capacitor S48 may act to reduce the
magnitude of the dI/dt voltage spike on the DC power signal.

[0106] As noted above, the optical fibers 522 pass through the first breakout canister
530 as a single unit in conduit 542 which connects to the second breakout canister $50. In
the second breakout canister 550, the thirty-six optical fibers 522 are separated into nine
optical fiber subgroups 552. The optical fiber subgroups 552 are each protected within a
respective conduit 554. The second breakout canister 550 may be similar to the first breakout
canister 530 except that it is used to break out the thirty-six optical fibers 522 into nine sets of
four optical fibers that are fed into nine respective protective conduits 552.

[0107] As discussed above, rapid changes in the power drawn by a remote radio
head 24 may result in an increase in the voltage of the power signal received at the remote
radio head 24 because (1) the power supply 28 requires some amount of time to sense the
reduction in current drawn by the remote radio head 24 and to adjust the voltage of the power
supply signal in response thereto and (2) a sudden decrease in the current drawn by the
remote radio head 24 may result in a dI/dt voltage spike that momentarily increases the
voltage of the power signal at the input to the remote radio head 24. By providing power
cables such as the hybrid power/fiber optic cable assembly 500 of FIG. 10 that have shunt
capacitors 548 integrated into each individual power cable 512, it is possible to dampen such
increases in the voltage of the power signal received at the remote radio head 24, thereby
protecting the remote radio head 24 from unintended spikes in the voltage of the power signal
that exceed the maximum voltage for the power signal that is specified for the remote radio
head.

[0108] Those of skill in this art will appreciate that the shunt capacitances 548 may
be provided in any number of forms. For example, a shunt capacitance unit may be in the

form of individual components, such as one or more capacitors, or in the form of other
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physical structures such as parallel conductors separated by an air gap that may act like a
capacitor. The amount of shunt capacitance provided may vary depending on a number of
factors including, for example, how close the voltage of the power signal that is input to the
remote radio head 24 is to the maximum specified power signal voltage for the remote radio
head 24. Generally speaking, the amount of shunt capacitance may be on the order of
hundreds, thousands, tens of thousands, or hundreds of thousands of microfarads in some
embodiments.

[0109] The use of shunt capacitance units is disclosed in U.S. Patent Application
Publication No. 2015/0080055 ("the '055 publication"), although primarily for purposes of
dampening a dI/dt voltage drop that may occur in response to sharp increases in the current
drawn by a remote radio head. As discussed above, it has been discovered that the use of
such a shunt capacitance unit may also be used to protect the remote radio head from
situations in which the voltage of the power signal would exceed the maximum power supply
voltage specified for the remote radio head by slowing the decrease in the voltage drop and
thereby providing the power supply additional time to adjust to the reduced loading at the
remote radio head. The '055 publication discloses a variety of ways in which the shunt
capacitance unit may be implemented, all of which may be used according to embodiments of
the present invention to protect a remote radio head from situations where the voltage of the
power signal that is delivered to the remote radio head could overshoot the maximum
specified voltage for the remote radio head. The entire content of the '055 publication is
incorporated herein by reference in its entirety.

[0110] It will also be appreciated that the shunt capacitance units may be placed in a
variety of locations other than within a trunk cable as shown in the embodiment of FIG. 10.
For example, in many cellular base stations, fiber optic and power jumper cables extend
between a breakout enclosure of a trunk cable (e.g., the breakout canisters 530, S50 of FIG.
10) and the remote radio heads. In some cases, separate power jumper cables and fiber optic
jumper cables are provided, while in other cases composite jumper cables that include both
optical fibers and power conductors (which are separately connectorized) may be used to
connect each remote radio head to the junction enclosure. The jumper cables are much
shorter in length than the trunk cables, as the breakout enclosure is typically located only a
few feet from the remote radio heads, whereas the trunk cable is routed tens or hundreds of
feet up the antenna tower. Additionally, the jumper cables include far fewer components. As
such, trunk cables are typically far more expensive than jumper cables.

[0111] In some embodiments, the shunt capacitance units may be implemented in
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the power jumper cables or at other locations near the power inputs to the respective remote
radio heads. Implementing the shunt capaciténce units in the jumper cables may provide a
more efficient and cost-effective way of retrofitting existing cellular base stations to include
shunt capacitance units. Additionally, jumper cables may be easily replaced by a technician
as they are designed to be connected and disconnected, and jumper cable replacement does
not raise environmental sealing concerns as does opening a junction enclosure such as a
breakout canister of a trunk cable.

[0112] FIG. 11 is a schematic drawing illustrating how a jumper cable 630 having
an associated shunt capacitance unit 650 according to embodiments of the present invention
may be used to connect a junction enclosure such as a breakout canister of a trunk cable to a
remote radio head. FIG. 12 is a partially-exploded perspective view of an example
embodiment of the shunt capacitance unit 650. As shown in FIGS. 11-12, a trunk cable 610
is terminated into or includes a junction enclosure 620 at, for example, the top of an antenna
tower (not shown). The jumper cable 630 connects the junction enclosure 620 to a remote
radio head 640. The jumper cable 630 includes a cable segment 631 that has a power supply
conductor 632 and a return conductor 633 that are electrically insulated from each other (see
FIG. 12). In some embodiments, the power supply conductor 632 and the return conductor
633 may each comprise an insulated 8-gauge to 14-gauge copper or copper alloy wire.

[0113] A protective jacket 634 may enclose the power supply and return conductors
632, 633. First and second connectors 635, 636 are terminated onto either end of the cable
segmeht 631. The first connector 635 is configured to connect to a mating connector 622 on
the junction enclosure 620, and the second connector 636 is configured to connect to a mating
connector 642 of the remote radio head 640. The connectors 622, 642 may be identical so
that either of connectors 635 and 636 may be connected to either of the connectors 622, 642.
The jumper cable 630 may include an associated shunt capacitance unit 650 that may be
implemented in a variety of locations.

[0114] As shown in FIG. 12, the shunt capacitance unit 650 may be implemented as
a sealed unit that is interposed along the cable segment 631. The shunt capacitance unit 650
may have a housing 660 that includes housing pieces 670, 680 that have respective cable
apertures 672, 682 that allow the cable segment 631 to pass through the housing 660. The
shunt capacitance 650 is implemented using a pair of electrolytic capacitors 690, 692 that are
connected in parallel between the power supply conductor 632 and the return conductor 633.
The capacitors 690, 692 may have a total capacitance of, for example, between 400 and 2500

microfarads.
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[0115] The capacitors 690, 692 may comprise non-polar electrolytic capacitors and
hence the jumper cable 630 may be installed in either direction between the junction
enclosure 620 and the remote radio head 640. A fuse circuit 694 may be provided along the
shunt path between the power supply and return conductors 632, 633 that creates an open
circuit in the event of failure of the capacitors 690, 692.

[0116] While FIG. 12 depicts a jumper cable having a shunt capacitance unit 650
implemented along the cable thereof, it will be appreciated that in other embodiments the
shunt capacitance unit 650 may be implemented in one of the connectors 635, 636 of the
jumper cable 630. In still other embodiments, the shunt capacitance unit 650 may be
implemented as a stand-alone unit that may be connected, for example, between the junction
enclosure 620 and a conventional jumper cable or between the remote radio head 640 and a
conventional jumper cable.

[0117] Pursuant to still further embodiments of the present invention, a protection
circuit in the form of an avalanche diode may be coupled in parallel with one of the above-
described shunt capacitance units 548, 650 that may be implemented along the power cables
of a trunk cable, of a jumper cable, or as a standalone unit. FIG. 13 is a circuit diagram of a
shunt capacitance unit 650" that includes such an avalanche diode. As shown in FIG. 13, the
shunt capacitance unit 650" is identical to the shunt capacitance unit 650 of FIG. 12, except
that the shunt capacitance unit 650" further includes an avalanche diode 696 that is positioned
between the power supply conductor 632 and the return conductor 633 of the jumper cable, in
parallel to the capacitors 690, 692. The diode 696 is designed to be non-conducting under
normal operating conditions, but to start conducting at higher reverse bias voltages. For
instance, in one example embodiments the diode 696 may be designed to be non-conducting
at reverse bias voltages that are at somewhere between 0.5 Volts and 3 Volts less than the
maximum specified voltage for the power supply signal that is provided to the remote radio
head, but to start conducting at higher reverse bias voltages. It will be appreciated, however,
that the avalanche diode 696 may be designed to operate at other voltage margins in other
embodiments. The reverse breakdown voltage of the avalanche diode 696 may be selected
based on a maximum specified voltage for the power supply signal that is provided to the
remote radio head. Thus, if the voltage of the DC power signal at the input to the remote
radio head starts to approach the maximum specified power signal voltage for the remote
radio head, the avalanche diode 696 experiences reverse breakdown and will provide a
bypass current path. |

[0118]In the embodiment of FIG. 13, the diode 696 may be fnore effective than the
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capacitors 690, 692 in absorbing voltage spikes to ensure that the voltage of the power supply
signal does not exceed the maximum specified power signal voltage for the remote radio
head. If the voltage of the power signal spikes above the reverse breakdown voltage of the
avalanche diode 696, the voltage across the diode 696 will be held substantially at the reverse
breakdown voltage for the duration of the voltage spike (i.e., until the programmable power
supply regulates the voltage). In some embodiments of FIG. 13, the shunt capacitors 690,
692 and/or the fuse circuit 694 may be omitted so that the circuit 650" will simply be a
protection circuit without any shunt capacitance.

[0119] A diode such as, for example, the avalanche diode 696 that is included in the
embodiment of FIG. 13, may also be used to measure the resistance of the power cabling
connection according to further embodiments of the present invention. In particular, a
reverse DC voltage may be applied across the power supply and return conductors 632, 633,
and the reverse current in response to this reverse voltage may be measured using, for
example, the resistance measurement circuit 170 of the programmable power supply (see
FIG. 5). The reverse voltage across the input to the remote radio head will be limited to the
forward voltage across the avalanche diode 696, which will be less than 1 Volt, and hence
will not be harmful to the remote radio head. While this measurement cannot be done during
normal operation of the remote radio head (as the reverse DC voltage is applied as opposed to
the normal power supply signal), this technique may be performed, for example, as part of the
qualification of a new cellular base station to measure the resistance of the power cabling
connection thereof. It will be appreciated that other types of diodes such as a p-n diode or a
Schottky diode may be used in place of the avalanche diode 696 for purposes of making such
a resistance measurement. The use of the avalanche diode 696 additionally provides the
above-described over-voltage protection feature.

[0120] Moreover, as shown in FIG. 14, in a further embodiment, a diode 697 may
be added in series along the power supply conductor 632 in between the shunt paths for the
avalanche diode 696 and the capacitor 690. Alternatively, diode 697 may be reversed and
placed in the corresponding location along return conductor 633. The capacitor 690 may
hold the voltage to the remote radio head for the very short time period necessary to measure
the reverse current when the reverse voltage is applied as discussed above. The diode 697
may prevent the capacitor 690 from discharging through resistance measuring circuit during
periods when the reverse voltage is applied. Thus, the circuit 650" of FIG. 14 may be used
to measure the resistance of the power cabling connection during normal operation of the

remote radio head by quickly applying the reverse voltage and measuring the reverse current
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during normal operation. In other embodiments the circuit of FIG. 14 may further include
the fusp circuit 694 and/or the second capacitor 692 that are shown in FIG. 13.

[0121] FIG. 15 is a schematic block diagram illustrating selected elements of a
cellular base 700 according to further embodiments of the present invention. The cellular
base station 700 uses a so-called "power bus" power cable 710 that has a single power supply
conductor 712 and a single return conductor 714. These conductors 712, 714 are typically
much larger than the conductors provided in a power cable that includes a separate pair of
power supply and return conductors for each remote radio head. The pair of conductors 712,
714 are used to provide power signals to a plurality of remote radio heads 724. The power
bus cable 710 includes a junction enclosure 716, and individual power jumper cables 730
may be used to connect each remote radio head 724 to the power supply and return
conductors 712, 714 of the power bus cable 710. The power bus cable 710 may be a
standalone power cable or may be part of a trunk cable that also includes optical fibers that
carry data between the remote radio heads 724 and baseband units (not shown).

[0122] The use of power bus power cables such as cable 710 in the cellular base
stations according to embodiments of the present invention may have certain advantages. In
particular, the current drawn over the power bus cable 710 will be the current required by all
of the remote radio heads 724 that are powered over the power bus cable 710. As state-of-
the-art cellular base stations now often have twelve (or more) remote radio heads 724, the
current drawn over the pair of conductors 712, 714 will be the total current drawn by all
twelve remote radio heads 724. Thus, large changes in the current drawn by one of the
remote radio heads that would normally require a large adjustment in the output voltage of
the power supply signal are smoothed out since any one remote radio head 724 will only be
drawing, on average, one twelfth of the current carried over the power bus cable 710.

[0123] While embodiments of the present invention are primarily described above
with respect to cellular base stations that have conventional antenna towers, it will be
appreciated that the techniques and systems described herein may be applied to a wide variety
-of other cellular systems. For example, cellular service is often provided in tunnels by
locating the baseband equipment and power supply in an enclosure and then connecting this
equipment to remote radio heads and antennas via long horizontal trunk cables. Very long
cabling connections may be used in some instances, and the voltage drop along the cable may
be particularly problematic in such installations. Similarly, in some metrocell architectures,
the same concept is applied above-ground, with the remote radio heads and antennas typically

mounted on smaller, pre-existing structures such as utility poles, buildings and the like. Once
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again, the trunk cables connecting the baseband equipment and power supplies to the
distributed remote radio heads and antennas may be very long (e.g., a kilometre or more in
some cases), and hence voltage drop likewise may be a significant problem. Any of the
above-described embodiments of the present invention may be used in these or similar
applications.

[0124] The present invention has been described with reference to the accompanying
drawings, in which certain embodiments of the invention are shown. This invention may,
however, be embodied in many different forms and should not be construed as limited to the
embodiments ':[’hat are pictured and described herein; rather, these embodiments are provided
so that this disclosure will be thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Like numbers refer to like elements throughout the
specification and drawings. It will also be appreciated that the embodiments disclosed above
can be combined in any way and/or combination to provide many additional embodiments.

[0125] It will be understood that, although the terms first, second, etc. are used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, a first
element could be termed a second element, and, similarly, a second element could be termed
a first element, without departing from the scope of the present invention. As used herein,
the term "and/or" includes any and all combinations of one or more of the associated listed
items.

[0126] Unless otherwise defined, all technical and scientific terms that are used in
this disclosure have the same meaning as commonly understood by one of ordinary skill in
the art to which this invention belongs. The terminology used in the above description is for
the purpose of describing particular embodiments only and is not intended to be limiting of
the invention. As used in this disclosure, the singular forms "a", "an" and "the" are intended
to include the plural forms as well, unless the context clearly indicates otherwise. It will also
be understood that when an element (e.g., a device, circuit, etc.) is referred to as being
"connected" or "coupled" to another element, it can be directly connected or coupled to the
other element or intervening elements may be present. In contrast, when an element is
referred to as being "directly connected" or "directly coupled" to another element, there are
no intervening elements present.

[0127] Inthe description above, when multiple units of an element are included in an
embodiment, each individual unit may be referred to individually by the reference numeral

for the element followed by a dash and the number for the individual unit (e.g., antenna 32-
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2), while multiple units of the element may be referred to collectively by their base reference
numeral (e.g., the antennas 32).

[0128] It will be further understood that the terms "comprises" "comprising,"
"includes" and/or "including" when used herein, specify the presence of stated features,
operations, elements, and/or components, but do not preclude the presence or addition of one
or more other features, operations, elements, components, and/or groups thereof.

[0129] In the drawings and specification, there have been disclosed typical
embodiments of the invention and, although specific terms are employed, they are used in a
generic and descriptive sense only and not for purposes of limitation, the scope of the

invention being set forth in the following claims.
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THAT WHICH IS CLAIMED IS:

1. A method of determining a resistance of a power cabling connection between
a power supply and a remote radio head, the method comprising:

outputting a first direct current ("DC") power signal having a first voltage level from
the power supply onto the power cabling connection;

measuring a first current level of the first DC power signal;

outputting a second DC power signal having a second voltage level that is different
than the first voltage level from the power supply onto the power cabling connection;

measuring a second current level of the second DC power signal; and

determining a resistance of the power cabling connection based at least in part on the

first and second voltage levels and the first and second current levels.

2. The method of Claim 1, wherein the resistance of the power cabling
connection is determined as (V,*1, -V 1*11)/(112 + 122),
where V| is the first voltage level, V; is the second voltage level, ; is the first current

level, and I, is the second current level.

3. The method of Claim 1, wherein the first and second DC power signals are
two of a plurality of different DC power signals having respective voltage levels and
corresponding measured current levels that are output from the power supply onto the power

cabling connection.

4, The method of Claim 3, wherein the resistance of the power cabling
connection is determined as a sum of a plurality of samples from n =1 to n = X-1 divided by
X, where each sample is determined as (V1 ¥Ineg - Va*In)/ (In+12 + Inz), where X is a number
that is at least three and is less than or equal to the number of DC power signals in the
plurality of different DC power signals, Vj, is the voltage level of the nth of the plurality of
different DC power signals and I, is the current level of the nth of the plurality of different

DC power signals.

5. The method of Claim 3, wherein the resistance of the power cabling
connection is determined by:

computing a plurality of samples from n =1 to n = X-1, where each sample is
computed as (Vpe1 ¥l - Vo¥In)/ (In+12 + Inz), where X is a number that is at least three and is

less than or equal to the number of DC power signals in the plurality of different DC power
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signals, V,, is the voltage level of the nth of the plurality of different DC power signals and I,
is the current level of the nth of the plurality of different DC power signals, and then
discarding Y of the samples, where Y is greater than zero and less than X, and then

summing the remaining samples and dividing the sum by (X - Y).

6. The method of Claim 5, wherein the samples that are discarded are ones of the
plurality of the samples that are determined to differ by a pre-determined amount from a pre-

selected standard.

7. The method of Claim 6, wherein the pre-selected standard is an average value

of the samples.

8. The method of Claim 6, wherein the pre-selected standard is a median of the
samples.
9. The method of Claim 3, further comprising omitting from the summation used

to determine the resistance of the power cabling connection ones of the plurality of the
samples that are determined to differ by a pre-determined amount from a pre-selected

standard.

10. A method of powering a remote radio head, the method comprising:

determining a resistance of a power cabling connection between a power supply and
the remote radio head;

outputting a direct current ("DC") power signal from the power supply and supplying
the DC power signal that is output from the power supply to the remote radio head over the
power cabling connection;

measuring a current level of DC power signal;

automatically adjusting a voltage level of the DC power signal in response to changes

in the measured current level of the DC power signal.

11.  The method of Claim 10, wherein the voltage level of the DC power signal
that is output from the power supply is adjusted so that the DC power signal at an end of the
power cabling connection adjacent the remote radio head is maintained within a
predetermined range notwithstanding variation in a current level of the DC power signal that

is output from the power supply.
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12. The method of Claim 10 or Claim 11, wherein the predetermined range is a

substantially constant voltage.

13.  The method of Claim 10 or Claim 11, wherein the resistance is automatically

determined multiple times on the same day.

14. A protection circuit for a power cabling connection between a power supply
and a remote radio head of a cellular base station, comprising:

an avalanche diode coupled between the power supply conductor of the power cabling
connection and the return conductor of the power cabling connection, wherein the avalanche
diode has a reverse breakdown voltage that is selected based on a maximum specified voltage

for the power supply signal that is provided to the remote radio head.

15.  The protection circuit of Claim 14, further comprising at least one capacitor
electrically coupled between a power supply conductor of the power cabling connection and a
return conductor of the power cabling connection, the at least one capacitor in parallel to the

avalanche diode.

16.  The protection circuit of Claim 15, further comprising a fuse circuit coupled in
series with the at least one capacitor between the power supply conductor of the power

cabling connection and the return conductor of the power cabling connection.

17.  The protection circuit of Claim 15 or Claim 16, wherein the at least one

capacitor is a non-polar electrolytic capacitor or at least two polar electrolytic capacitors.

18.  The protection circuit of Claim 17 in combination with a jumper cable,

wherein the protection circuit is part of the jumper cable.

19.  The protection circuit of Claim 15, further comprising a diode that is

configured to prevent the at least one capacitor from discharging through the power supply.

20. A method of determining a resistance of a power cabling connection between
a power supply and a remote radio head, the method comprising:

including a diode between a power supply conductor and a return conductor of the
power cabling connection;

outputting a reverse direct current ("DC") power signal having a first voltage level

from the power supply onto the power cabling connection;
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measuring a first current level of the reverse DC power signal; and
determining the resistance of a power cabling connection based on the first voltage

level and the measured first current level.

21. The method of Claim 20, further comprising including a capacitor in parallel
to the diode to power the remote radio head during the period when the reverse DC power

signal is applied.

22.  The method of Claim 21, further comprising providing a second diode that
prevents the capacitor from discharging through the power supply during the period when the

reverse DC power signal is applied.
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