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Shortest Path Planning for a Tethered Robot or an Anchored Cable*

Patrick G. Xavier
Sandia National Laboratories

Albuquerque, NM 87185-1008

Abstract

We consider the problem of planning shortest paths for a

tethered robot with a finite length tether in a 2D environ-

ment with polygonal obstacles. We present an algorithm
that runs in time O((kl +l)2n4) and finds the shortest path

or correctly determines that none exists that obeys the con-

straints;heren is thenumberobstaclevertices,andkl is

thenumberloopsin theinitialconfigurationof thetether.
The robot may cross its tether but nothing can cross ob-

stacles, which cause the tether to bend. The algorithm ap-

plies as well for planning a shortest path for the free end
of an anchored cable.

1 Introduction

1.1 Overview

While motion planning has been one of the more intensely

studied areas of robotics, motion planning for tethered
robots among obstacles has been relatively unexplored.
This paper considers the problem of planning the short-
est path for a planar mobile robot with a finite, anchored

tether. In thk problem, the robot must move from a given
position and given tether configuration to a goal position
and arbitrary tether configuration without violating the

problem constraints.

We provide an O((lq + l)2n4)algorithm, where n is the

geometriccomplexityof theplanarenvironmentandkl is
thenumberofloopsaroundobstaclesinthetether’sinitial
configuration. Although an infinitely flexible, automati-
cally retracting tether is assumed, we believe that our re-
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suits will have applicability in motion planning when the
tether has bounded curvature and in motion planning for
serpentine, or hyper-redundan~ robots. A more precise

complexity anrdysis is given in the body of the paper.

1.2 Previous and Related Work

A greatvarietyof motionplanningproblemshavebeen
studied extensively; for summaries, see Latombe [16]
and Halperin, et al [8]. While the only provably-good

polynomial-time algorithms for planning time-optimal

obstacle-avoiding motions are approximation algorithms

(e.g., [6]), exact and approximate polynomial-time rdgo-
rithms exist for a wide range of shortest-path problems;

see, Mitchell [17] for a summary. However, shortest path
planning for tethered robots appears to be an unexplored
domain.

Prior work on tethered robots has concentrated on gen-

erating motions for multiple robots that do not result in

their tethers getting tangled. Sinden [19] presents an algo-
rithm for scheduling the motion of multiple planar (point)
robots that each have an umbilical (rigid tether) that must
not cross the umbilicals of other robots. Pardo-Castellote

and Martins [18] consider a related run-time problem in
which the the umbilicals are perpendicular to the bound-

ary of the environment, the anchor points move on this

boundary, the robots are restricted to rectilinear paths, and

there may be non-robot obstacles.

Hert and Lumelsky considered planning trajectories for

planarrobotswithflexibletethersoffinitelengththatcan-
not be crossed but instead are deformed by robots pushing
them. Their first result [11] is a general exhaustive-search
algorithm for finding an optimal (e.g., minimum total ca-

ble length) robots-and-tether configuration in which the

robots reach their goals. They also developed [12] an
0(n4) algorithm for planning an efficient set of robot tra-



DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or

otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products= Images are
produced from the best available original
document.



. .,

.

. DEVICE TECHNOLOGIES

The first step in building a low-power high-efficiency RF amplifier is the
selection of the appropriate device technology. Shown in Fig. 1 is a plot of the maximum
frequency of oscillation (f~m) as a function of quiescent bias power for several different
device technologies that we have considered for our applications. The bias voltages used
during the measurement of this data were less than 1.5V, which may allow for the
eventual operation from a single common battery cell. The device figure of merit f~~ is
the relevant parameter for device comparison as it is the frequency for unity power gain
from a device. The unilateral transducer gain then increases at a rate of 20 dB/decade
from the f~~ point. Therefore, for an RF amplifier, f~w must be at least many times the
operating frequency (i.e. at least 10x for 20 dB gain).
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Fig. 1. Comparison of the maximum frequency of oscillation (f~) for
several different device technologies.

All of the device technologies shown in Fig. 1 perform reasonably well at low
bias levels. It should be noted that since this plot is in terms of terminal bias power,
device size plays a significant role in this figure of merit. For the FETs shown; the JFET
[1], PHEMT [2], and MESFET devices were 0.3x40 pm2; O.2X1Opm2 and 0.6x300 pm2
respectively. The HBT was 12.5 pm2. As shown in Fig. 1, the MESFET provides

superiorperformance to the PHEMT for this case where the PHEMT is 1/30 the width of
the MESFET and in the measured bias regime. At lower bias levels, the MESFET would
be expected to suffer a greatly reduced f~w like that observed for the JFET. In contrast,
due to the small size of the PHEMT device, it is expected that high-from will continue to

be well behaved down to very low terminal currents. Thus, it is expected that the small
PHEMT device’s f~~ should exceed that of the MESFETS at lower bias levels.
Additionally, if the PHEMT was of a comparable width to the MESFET, the PHEMT
would have a much higher f~w, but at a higher terminal current (larger PHEMT devices
were observed to have f~w’s of about 100 GHz).



Since our operating frequency is at most several GHz, it is desired to obtain f~u’s
of greater than 10 GHz at 10 pW bias levels. Several of the device technologies shown
approachor exceed this metric. For low-power amplifiers, our current device technology
of choice is InAIAs/InGaAs HBTs. HBTs appears to scale very well at low current
densities and the use of InAIAs/InGaAs allows for a low operating voltage. Additionally,
since high levels of integration are always desired, device technologies like HBTs with
good l/f noise performance are necessary for oscillator applications.

ULTRA-LOW POWER RF AMPLIFIER

To utilize these low-bias level devices in low-power RF circuits, we have found it
necessary to use non-customary circuit approaches. Operating a device at low bias levels
necessarily implies high terminal impedance. Since the operating voltage requirements
remain about constant when the device is scaled, whereas the terminal current levels
drop; the device terminal impedance must increase. This makes it very difficult if not
impossible to impedance match to the device if conventional common source (emitter)
circuit topologies are used. This impedance matching limitation stems from losses that
are always present in matching networks and in particular commonly due to inductor loss.

One circuit approach of which we have seen reasonable success is shown in Fig.
2. In this circuit, a common gate input amplifier, which provides lower input impedance,
is used to help facilitate the input match while still providing gain. Similarly, the use of a
common source amplifier for the output stage helps achieve the output match due to its
inherent low output impedance. With such a configuration, we have found the external
matching networks easy to realize with standard chip inductors even when operating the
circuit at several 10’s of pA’s of bias current. Unfortunately, this amplifier approach has
two drawbacks. First, common gate amplifiers generally exhibit a larger noise figure as
compared to a common source amplifier made from the same device. Secondly, a high
impedance node exists between the two stages of this amplifier (at R3 in Fig. 2), which
results in a bandwidth limitation. In fact, due to this high-impedance node, this amplifier
topology is only realizable at Wireless frequencies in an integrated form where parasitic
elements can be carefully controlled.
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Fig. 2. Schematic diagram of a low power amplifier.
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A microphotograph of an amplifier based on the circuit from Fig. 2 is shown in
Fig. 3. This amplifier was fabricated using a standard commercial MESFET process [3].
Shown in Fig. 4 is a plot of the measured gain when the amplifier is matched at 217.5
MHz. The operating voltage was 3.6 V with a bias current level of 40 pA. The measured
gain of 8.5 dB is similar to the target level of 10 dB. Similar L-band amplifiers have also
been designed and tested.

As mentioned above, gain is not the only important performancemetric for an RF
amplifier. The amplifier’s noise figure is also plotted in Fig. 4. The 4.5 dB minimum
noise figure is a somewhat higher as compared to amplifiers operated at conventional

bias levels, but still acceptable for our typical applications. Additionally, it should be
noted that little consideration for noise performance has been made in the current design.
Changes in matching conditions and device operating current densities should be able to
reduce the noise figure.

Fig. 3. Microphotograph of a low power RF amplifier fabricated in a
commercial MESFET process.
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Fig. 4. Measured gain and noise figure of a low power RF ampltiler.
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Another important property of an amplifier is its large-signal or compression
characteristics. Since this amplifier is operating a very low bias levels, it would be
expected that it exhibits poor dynamic range. Fig. 5 is a plot of the amplifier’s output
power as a function of input power at 217.5 MHz. From this plot, one can see that the
output power is about -30dBm at the ldB compression point. This suggests that the
amplifier is rather inefficient as the bias input power is 144 pW with a 1 dB compression
occurring at microWatt RF power levels. Future designs are planned to incorporate a
push-pull output stage, which will significantly improve the dynamic range while still
maintaining a low quiescent bias level.
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Fig. 5. Measured compression characteristics of the low-power
amplifier (217.5 MHz).

HIGH-EFFICIENCY RF POWER AMPLIFICATION

As mentioned above, transmission is one of the main uses of energy in most
Wireless systems. The application of advanced FET devices developed for millimeter
wave applications promises to significantly improve Power Amplifier (PA) efficiencies in
future transmitters. Shown in Fig. 6 are the results of a load-pull measurement at
1.5 GHz of a O.1x600 pm2 InP HEMT. These devices, which are similar to the ones
described in reference [4], have intrinsic fT’s of over 100 GHz and f~~’s extrapolated to
600 GHz. Such devices would appear to have excessive speed for low GHz applications,
but high device speed is advantageous for class-E amplification where rapid device turn-
on and turn-off improves amplifier efficiency. Additionally, these devices offer high
power densities (0.6 W/mm at 1.5 GHz) at low drain voltage (3 V). From this data it
would appear that a class-EPA operating at 3V could achieve severalWatts output power
with 85 % PAE and 28 dB gain.
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Fig. 6. Load-pull measurement of an InP HEMT at 1.5 GHz with 3 V
drain bias. Power density and power added efficiency approach 0.63
W/mmand85% ,respectivelywhen operatedat3dB compression.

CONCLUSIONS

In this paper, various device technologies were compared for low-power RF
electronics applications. Additionally, a low-power amplifier example was presentedto
demonstrate some of the special issuesin successfully using these low-power devices.
This amplifier was seen to provide useful gain at217.5 MHz with only 120p.W bias
power. Finally, load-pull measurements on an InP HEMT were presented which
demonstrates the possibility of extremely high-efficiency power amplification using
advanced FET devices.
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