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Abstract - In unlicensed spectrum, any device can transmit
without a license. Such spectrum has major benefits, but serious
challenges must first be overcome. Foremost istherisk of
drastic performance degradation dueto alack of incentiveto
conserve shared resources. Previouswork has shown this
problem for devicesthat transmit for longer duration than
necessary. Thispaper demonstratesthis problem for devices
alwaystransmitting at maximum power to improve throughput.
For deviceswith fixed transmit powers, the problem is solved if
devices defer transmission when received interfer ence exceeds
defined thresholds. We propose a co-existence algorithm
designed to optimize system throughput when each of two
devices can transmit at the maximum power allowed. We show
device performance with current unlicensed band regulationsis
rarely optimal, and that the proposed algorithm is better.

I INTRODUCTION

In unlicensed spectrum, any deviceis free to transmit without
alicense that implies exclusive access. The Industry, Science
and Medicine (ISM) bands have long been unlicensed,
although most spectrum has traditionally been licensed [1].
The Federal Communications Commission (FCC) has of late
increased unlicensed allocations, creating the Unlicensed
Personal Communication Services (UPCS) band [2], the
Unlicensed National Information Infrastructure (UNII) band
[3], and the Millimeter Wave band [4]. The UPCSband is
governed by a Spectrum Etiquette (known as the UPCS
etiquette) [2,5], which is a set of rules regulating access to
spectrum and its usage. Unlicensed spectrum has several
benefits. It facilitates mobility of wireless applications, as no
licenses are needed for new locations. It promotes spectrum
sharing (as any device can transmit while others areidle,) and
furthers experimentation and innovation. Three challenges
must be overcome to realize such benefits. First, there may
be mutual interference, as devices can transmit at will.
Second, enforcing efficient utilization is difficult as
applications using unlicensed bands may vary greatly. Third,
there islittle inherent incentive to conserve shared spectrum.
Thus, designers may adopt a greedy approach, where the
more a device wastes shared spectrum to improve its
performance, the moreit is greedy. If thisiscommon, the
shared resource will be of little use. This phenomenon,
referred to as a Tragedy of the Commons [6], made the
Citizen Band radio service unusable in crowded regions,
where users wasted spectrum with high-power transmitters.
Asthe resources consumed by a device depend on
transmission duration, bandwidth, and power, it may be
greedy in any of these dimensions.
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Previous work [7,8] has shown that greed in transmission
duration can result in poor utilization of unlicensed spectrum.
In this paper we demonstrate the same problem due to greed
in the power dimension. Although all unlicensed bands
enforce power limits to reduce interference, without any
incentive to reduce power below the limit, greedy devices
may transmit at the maximum power allowed to improve
performance. Given information (such as power, offered
load, and distance) about other devices sharing spectrum, the
parameters that maximize system throughput can be
determined. Without such explicit information, these
parameters can only be chosen by an etiquette based on
available information, e.g. local noise and received power.
Etiquette design is complicated by the diversity of devices.
Some devices can vary transmission power, and some cannot.
Also, the power limits can vary from device to device.

For devices that transmit at fixed powers, we develop the
Deferring etiquette that avoids a Tragedy of the Commons by
requiring devicesto defer transmission when the received
interference exceeds defined thresholds. This etiquette
optimizes system throughput as well as device throughput
when two devices that can transmit at the maximum power
allowed share spectrum. It also prevents starvation, which
occursif agiven device can never transmit while another is
transmitting, whereas the other device can aways transmit.
We use the following approach to compare the performance
of devices. We assume that devices are designed to transmit
at powers that maximize individual device throughput. We
identify the powers at which devices reach equilibrium, and
compare both system and individual device throughputs at
each equilibrium with the optimal throughput and that
without an etiquette. We show that system performance can
be improved by discriminating between devices based on
transmission power, and by creating multiple unlicensed
bands such that each band caters to devices with a different
range of power limits.

Section 2 presents our model to analyze greed in transmission
power. Section 3 covers performance in unlicensed bands
without an etiquette. Section 4 defines optimal performance
of two devices sharing spectrum. Sections 5 and 6 discuss
the UPCS and the Deferring etiquette respectively. Section 7
compares performance of existing and proposed etiquettes.
Section 8 presents our conclusions.

1. THE MODEL SCENARIO

Our model has two wireless networks, each with two
cooperating elements: adevice and its basestation. Elements



belonging to different networks do not cooperate. The
networks share a single channel of fixed bandwidth B, asin
one-way systems and in either the uplink or the downlink of
two-way systems (e.g. awireless PBX). Without loss of
generality, we consider devices transmitting to their
basestations on this channel. The path loss between Devicei

and Basestation i is given by the propagation factor 3; , and
the path loss between Basestation i and Devicej is given by
the propagation factor a; . We assume symmetry in

propagation loss from one network to another is, i.e.
a;=a;=a . Sincetherewill be devicesin unlicensed bands

that cannot determine the noise and the propagation factor,
designers of etiquettes and access protocols must use values
expected to be typical. Thus, the etiquettes function as if
each network hasthe same noise N, and 3,=,=3 , where

[ isthe propagation factor based on the anticipated path
loss. The propagation factors a (or 8 ) decrease with

distance as dictated by the path loss model. Devicei
transmits at power 0<P<y,P, .., whereP__ denotesthe

maximum transmission power allowed on the channel, and
Vi P denotesthe power limit of Devicei. With Device]j

transmitting at power P. Basestation i receives power
R=N+aP, . We assume that Devicei either has information
about or can reasonably estimate the received power
R=N+aP, . Thus, the signal-to-noise ratio (SNR) at
Basestationiis ¢ = B /(N +aP,) , and Basestation j has
@, = BP, /(N +aR) . Wedefine ¢5 = BR,, /N tobethe

SNR for Devicei when it transmitsin isolation at power
P .. - Weassume each Device i has message error

probability E; = exp(—c@ ) where cisaconstant, asis

appropriate for DPSK (Differential Phase Shift Keying) or
non-coherent FSK (Frequency Shift Keying) modulation.
Devicei has offered load G, which is the sum of the loads

from arriving and retransmitted messages. Devicei has
throughput § =G, (L~ E,) = G, (L~ exp(~cBR /(N +aP))) -

We determine the performance of devices by observing
device throughput and system throughput as devices vary
transmission parameters. These parameters are powersP,

and P, , power limits y, P, and y,P,.. . loadsG, andG,,
and the propagation factor ¢ . We observe the impact of
varying these input parameters on throughput S, , throughput
S, , and system throughput S, +S, , which are the output
parameters for our model.

1. UNLICENSED BANDSWITH NO ETIQUETTE

Consider Devicei and Device | that choose transmission
power and load to maximize individual throughput. From

Theorem 1, if transmission powersF, and P, are fixed,
devices maximize throughputs at G, =G, =1, i.e,, by
transmitting all the time. From Theorem 2, if G, =G, =1,

devices maximize throughputs by transmitting at maximum
power. Thus, devices would always transmit at maximum
powers, and that is the only equilibrium. The device with
higher power gets greater throughput. However, such greed
can result in a Tragedy of the Commons. Asthe path loss
between a device and its basestation increases, device
performance gets worse. In scenarios where the path loss
between each device and its basestation is large relative to the
path loss between its basestation and the interfering device,
device throughput can degrade drastically.

V. OPTIMAL SYSTEM THROUGHPUT

We now discuss the case where devices set their powers and
offered loads to maximize system throughput, given each
device has information about the transmission power, load
and distance of the other device. This may not be practical,
but it isastandard by which real etiquettes can be judged.

We first show that throughput is optimized when both
devices always transmit. To maximize throughput, either both
devices should transmit, or only the device with higher power
should transmit. We accommodate both possibilities by
assuming that both devices always transmit, but allow the
power (and thus throughput) of either deviceto fall to zero.
Equation 1 shows the derivative of system throughput with
respect toP, , with P, constant. That derivative is always

positive when P, =0 , which shows that P,>0 when throughput
ismaximized. By symmetry, the sameistrueof P,.

d(S, +S,)/dP, =cB/(N +aP,)exp(—cf P, /(N +aP,))
~(cBaP, [(N+aR)?) ep(-cBP, (N +aP) (1
It isoptimal for at least one device to transmit at maximum
power, as shown by Theorem 3. It isaways optimal for both
devicesto transmit at maximum power when the received
interferenceis negligible. However, it is not always optimal
for both devices to transmit at maximum powers. We have
observed the optimal behavior to occur in two modes, one at
small g and the other at large a . We define the boundary
between theregionsto be o . a varies with the power
limits of devices.
Optimal Behavior: Without loss of generality, let devices
have power limits y, ? y,. When a <a, both devices

transmit at maximum power. When a ? a, Devicel
transmitsat y, P, ., and the other transmits at alesser power
0<P<y,P.. where da;/dN >0 and da /dy, <O . For
Y, =V, and N =0, theboundary isgivenby a,=cf3.



It can be demonstrated that this behavior is optimal as
follows. Theorems 4 and 5 together show that it is optimal
for devices with equal power limits to transmit at maximum
power aslong as a <a . Theorem 4 showsit isoptimal for

devicesto transmit at equal powersfor al O<a/B<c when
noise N=0, regardless of power limits. Transmitting at
equal powers minimizes system throughput for all o/ 8 > ¢,

i.e., it becomes optimal for devices to transmit at unequal
powers. Theorem 5 shows that in a system with noise N >0,
devices transmitting at equal power optimize system
throughput at maximum power. The same phenomenon
occurs with greater noise, except that the threshold at which
optimal device behavior changes increases with noise.

Indeed, with infinite noise, it is optimal for both devicesto
always transmit at maximum power, i.e., ag=1.

For devices with unequal power limits, Theorem 6 shows that
regardless of o, itisoptimal for the device with higher
power limit to transmit at a power greater than that of the
other device. Thus, there isan inherent tradeoff between
maximizing throughput and fairness for devices with unequal
power limits.

V. THE UPCSETIQUETTE

The UPCS etiquette specifies an upper power limit
P e =100+/B mW , where B is the bandwidth in MHz. The

etiquette enforces a Listen Before Talk (LBT) rule,
requiring devices to transmit only if the received power is
below athreshold throughout a specified monitoring period.
It also alows devicesto increase the LBT threshold by adB
for each dB reduction from the maximum power allowed.

With the UPCS etiquette, there are three ranges of o that
characterize devices that transmit at fixed powers. The first
isa for which each device receives power below itsLBT
threshold and always transmits, as specified by Theorem 7.
The second exists only for devices with unequal powers, for
which the higher power device starves as shown by Theorem
8. For dl other o, only one device transmits at atime.

VI. THE DEFERRING ETIQUETTE

The Deferring etiquette attempts to maximize system
throughput when each device is designed to either transmit at
afixed power or defer transmission to other devices. This
etiquette optimizes system throughput as well asindividual
device throughput when two such devices that can transmit at
power P, (the maximum power allowed on achannel) share

spectrum. Thisis significant because individual device
throughput in unlicensed bands with no etiquetteis
maximized when devices always transmit at maximum
power, as shown in Section 3. It isalso desirable that the
etiquette provide adequate performance for the case of one or

more deviceswith y <1 . There are two design principlesto
be met by the Deferring etiquette. First, the system
throughput must be optimal when each device can transmit at
P.a - Second, no device should face the risk of starvation.
Theorem 9 shows that when each device transmitsat P, ,
system throughput is optimized if each device defers
transmission when received power exceeds threshold
N+a,P wherea, is specified by Equation 2. The

D" max ?

Deferring etiquetteisbased on a, .

Deferring Etiquette: A Device i with maximum transmission
power ¥, P, must defer transmission when received power

isgreater than athreshold T, =N +a, P, /v, , whereNis
the local noise, y, P, isDevice i spower limitand o is

given by the solution of
EXP(~CP [(N+01, Py ))~0.5+0.56Xp(~CP, , /N) =0 (2)

The Deferring etiquette meets both design criteria. Devices
transmitting at P,,, optimize system throughput as they defer
at the optimal threshold. Theorem 10 shows that at any given
a , if any device receives power above its threshold, so does
the other. Provided that some mechanism prevents devices
from transmitting indefinitely [8], devices will alternate
transmissions. Thus, starvation is not a problem with the
Deferring etiquette. When devices take turns transmitting,
the system throughput is maximized with G, +G,=1. When

devices dternate transmissions, we assume devices follow a
fairness criteriawith G,=G,=0.5.

Two regions of o characterize behavior of devices that
maximize individual device throughput with the Deferring
etiquette, as given by Theorem 11. When ¢ issmall such
that each device receives power below its threshold, devices
transmit at maximum powers. At greater o, devices reach
equilibrium at which one device transmits at maximum power
and the other does not transmit at all. Let o oy represent o at

which system throughput is optimized when devices aternate
transmissionsfor any given y, <land y, <1. Theorem 12
shows that O ? Oy i.e. devices defer at g that isequal to

or greater than the optimal. Thus, the Deferring etiquetteis
optimal not only when devices transmit at P but also

max ?

whenever Ao >1 i.e. when devices optimally never defer

(e.g. when both devices have low power limits such that
mutual interference is negligible, or when one device hasa
power limit significantly lower than the other).

The system throughput is sub-optimal for medium ranges of
Y for which the etiquette is not designed. As devices defer

at Ogq ? Oy » the system throughput is sub-optimal in the
range g, <a<d, only. Whenever the system
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Figure 1: System throughput (with the Deferring etiquette and optimal ) vs.

propagation factor ratio a/f . y,=1 and y,=0.8 with each device at

maximum power. When devices alternate transmissions, G,=G,=0.5 -

throughput at equilibrium is sub-optimal, low-power devices
have alower throughput with the Deferring etiquette as
compared to the optimal, and high-power devices have a
higher throughput with the Deferring etiquette, as shown in
Figure 1. Furthermore, the system throughput is optimal or
near-optimal when power limits are high, with performance
being increasingly suboptimal as power limits decrease from
high to medium values. These observations indicate that
system performance with the Deferring etiquette would
improve with multiple unlicensed bands, each catering to
devices with asmaller range of power limits, instead of a
single band for devices with awide range of power limits.

VII. PERFORMANCE COMPARISON

In this section we compare performance of devices with the
Deferring etiquette, the UPCS etiquette, and with no etiquette
by evaluating the throughputs of devices at equilibrium.

As shown in Appendix B, the relative performance of

etiquettes depends on the parameter JB/ B . Wetherefore

select various values of \/§/B in 2100 MHz band for

etiquette comparison. We first address devices with equal
power limits. For devices transmitting at fixed powers with
¥, =Y, =1, the Deferring etiquette results in optimal system
throughput, whereas performance without an etiquette is sub-
optimal. For agiven channel bandwidth, the UPCS etiquette
performance is optimal only for a specific 8 , whereas the

Deferring etiquette does not suffer from this constraint.

Figure 2 shows these results, with the UPCS etiquette
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Figure 2: System throughputs vs. propagation factor ratio o/ with the
Deferring etiquette, the UPCS etiquette, with no etiquette and the optimal

case for devices transmitting at fixed powers with power limit parameters
y1=y,=1 for 2100 MHz UNII band with N/P, =410 . The UPCS

etiquetteis shown with 3=8.74.107° asUPCS,, 3=10"° asUPCS, and
B=1 asUPCS;.

For y, =y, =y <1, performanceis sub-optimal for all cases.

Performance with all but the UPCS etiquette is as good or
better than that with no etiquette. Devices defer atg aq > Aot

with the Deferring etiquette. Performance with the UPCS
etiquetteisidentical to that of the Deferring etiquette

for/B/ B at which apes=0 . Figure 3 shows these results
for y,=y,=0.9 a N/P,, =410 with § =8.74.407",
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the UPCS etiquette performance is exactly the same as with
the Deferring etiquette. For the specific B at which

O ypcs =0 oy » the UPCS etiquette performance is optimal, as
devicesthen defer at the optimal threshold.

For devices with unequal transmission powers, devices never
starve with the Deferring etiquette. The UPCS etiquette may
lead to starvation for devices with fixed unequal powers, as
shown in Theorem 8.

In summary, only the Deferring etiquette is optimal when
y, =V, =1 and it issuperior to the othersfor y closeto 1.

Performance with the UPCS etiquette varies widely with 3

and can be far from optimal. Furthermore, performance with
the Deferring etiquette is always as good or better than that
with no etiquette. Thus, we find the Deferring etiquette most
favorable for devices with fixed transmission powers.

VIII. CONCLUSION

Unlicensed spectrum has several advantages. However, as
individual devices have little inherent incentive to conserve
spectrum, they may hoard shared resources to improve their
performance. Thus, designers may adopt a greedy approach,
where the more a device wastes shared spectrum to improve
its performance, the more it is greedy. Devices may be
greedy in consuming any of these resources: transmission
duration, bandwidth, and transmission power. Previous work
has shown severe performance degradation dueto greed in
transmission duration, and suggested solutions. This paper
explores greed in transmission power. We show that in bands
with only power limits, devices would maximize throughput
by always transmitting at maximum power, which also
optimizes system throughput when devices are far apart.
When devices are near, transmitting at maximum power leads
to suboptimal performance and reduced frequency reuse.
This problem can be solved by a properly designed etiquette
(i.e. aset of rules regulating spectrum resource usage). We
propose the Deferring etiquette that has been designed to
optimize individual throughput for devicesin isolation, and is
optimal when each of two fixed power devices can transmit at
the maximum power allowed. This etiquette requires devices
to defer transmission when the received interference reaches
athreshold. It also prevents starvation, which occursif a
given device can never transmit while another is transmitting,
whereas the other device can always transmit. We present
analysis to demonstrate that this etiquette offers better
performance than the current unlicensed band regulations.
We show that system performance can be improved by
discriminating between devices based on transmission power,
and by creating multiple unlicensed bands such that each
band caters to devices with a different range of power limits.

APPENDIX A

Theorem1: If B, P, and G, arefixed, and 0< G, <1, then
S ismaximized at G, =1.

Proof: Devicei hasthroughput S =G, (1-E;) whereG, is
its offered load, and E; isits message error rate given by

E, =G, exp(-cfR /(N +aP,)) + (1~ G,)exp(~cBR /N ) .
AsdS /dG, =(1-E)>0, S ismaximizedat G, =1.
Theorem2: 1f G, , G; and P, arefixed, and 0< G, <1, then
S ismaximizedat P =P, .

Proof: AsS =G, (I-E;), dS /dP, =-G, dE; /dP,

dE, /dP, =~ (cBG, /(N+aP,))exp(~cBP, /(N +aP,)

-(cBG, /N)exp(-cfP, /N)<0

Thus, dS /dP. >0 and S ismaximizedat P =P, .
Theorem 3: At least one device must transmit at maximum
power for system throughput to be optimal.

Proof by contradiction: From Theorem 1, devices maximize
individual throughputswithG, =G, =1. Assume system
throughput is optimal when devices transmit at powers

P <y,P. andP, <y,P_. . Devicethroughputs are

S, =1-E, =1-exp(-cq) and S, =1- E, =1-exp(-c@,)
where @ =P,/(N+aP,) and @, =P,/(N+aP,) . Without
loss of generality, let devices be numbered suchthat P, ? P,.
Thus, o, =apP,/(N+aPR,)<afP,/(N+aP,)<1 as0< B <1.
As @ =P /(N+aP,)=BI((N+aNg, | B)IP+a*@,!B) ,
increasing P, and P, such that @, remains constant resultsin
anincreasein ¢ andthereforein S while S, staysthe
same. Thus, the assumption that system throughput is
optimal at powers P, <y,P,., andP, <y,P_ isfase.
Theorem 4: When N =0, the system throughput is

maximized when both devices transmit at equal power for
0<a /B <c andat unequal powersforala/B >c .

Proof: From Theorem 1, devices maximize individual
throughputswithG, = G, =1. Thus, the system throughput is

S +S, =2-exp(-cB R /(N +aR,)) —exp(-cB P, (N +aR))
With N=0, S, +S, =2-exp(-cfP, /aP,)-exp(—cBP, /aP,)

S +S, =2-exp(—nx)—exp(-n/x) wheren=cB/a and x=PR, /P,
Thus, d(S; +S,)/ dx=n exp(-nx) = (n/ x*) exp(-n 1 X) .
d(S,+S,)/dx|,_, =0 and d*(S,+S,)/dx?| _ =nexp(-m)(n-1) -
Thus, X=1 (i.e. P, =P,) maximizes S, +S,
On=(cB/a)<landminimizes S +S, On=(cB/a)>1.
Theorem 5: When devices transmit simultaneously at equal

powers and noise N > 0, system throughput is maximized
when they transmit at maximum power.



Proof: Device 1 and 2 transmit at power P with loads

G, =G, =1. Thesystem throughput is given by

S +S, = 2[1-exp(-cBP/(N +aP))] .

d(S, +S,)/dP =cB N/(N +aP)? exp(-cBP/(N +aP) >0 .
Thus, system throughput is maximized when P=P,_ . Note

thisholdstrue only for N >0.
Theorem 6: When y, >V, , at least one of these conditions
must be met when the system throughput is maximized:
LB =y,Po>VoPx 2P 2. V,P 2R >V,P. =P,
Proof: From Theorem 3, at least one device transmits at
maximum power when system throughput is optimized. If
system throughput is optimal with Device 1 at maximum
power, then P, =y,P .. >V,P.. ?P, (i.e condition 1ismet).
Consider the case where system throughput is optimal with
Device2 at P,=y,P,, . AssumeP,=P<y,P_, optimizes
system throughput. System throughput remains the same if
devices switch powers such that P, =y,P, . ; P,=P<y,P... .

As neither device is at maximum power, it follows from
Theorem 3 that thisis not optimal. Given system throughput
isoptimal with P, =y,P, .., Device 1 cannot have

P, =P<y,P,. - From Equation 1, the derivative of system
throughput with respect to P, ispositiveat B, =F,. Thus,
when system throughput is optimal with Device 2 at

P, =V,P, . Devicel must haveP, =P>y,P . ,i.e
YiPrax ? P >V,P.s =P, (i.e. condition 2 must be met).
Theorem 7: For y, ?y, anda <(K/y,P.., —~N)/y,P....
each device receives power lessthan its LBT threshold,
where K 01585NP,

Proof: For P xdB below P » the LBT threshold is
T, =32+x dB abovenoise N, i.e, T, =K /PR where
K 01585NP,, . Equivaently, the maximum transmit power
isK/R where R =N+aP, . Device i receives power below
its threshold only fora at whichK /R ? P, . With
P =¥2Prac R =N +ay, P <KI(y,Ry,) for
O0<a <(K/y,P. —N)/y,P., . Likewise, Device2
receives power below its threshold only for
0<a <(K/y,P.. —N)/y,P.., . Thus, both devicesreceive
power below their respective thresholds in the range
O<a<min{(K/y1 max_N)/yz max’(K/yz max_N)/yl } As

1 22 (K1Y P =N Y, P (K1Y, B =N)/y, P - Thus,
therelsonly one equilibrium P, =y,P, . and P,=y,P, f
O<a<(K/y,P.oe ~N)/V,P.. .

Theorem 8: For

(K1y,Poo =Ny, P sa<(Kly, P, —N)/y, P, with
P, =y,Pu B =V,P.and y, >y, , Device 2 can transmit
at will but Device 1 can only transmit when Device 2 is not.

Proof: Device 1 receives power below its threshold
K/(y,P,.) only if R =N+ay,P, ., <K/(y,P,.) ,i.e for
O<a<(K/y,P,..—N)/y,P... - Likewise, Device 2 receives
power below threshold for 0<a <(K/y,P,..—N)/y,P... - As
Vi>Vo , (KIy, P —N) Y, P, <(KIY,P... —N)/y,P... - Thus,
for(K/y,P.. ~N)/y,P. <ca<(K/y,P.. —N)V,P...
Device 2 can transmit even if Device 1 is transmitting, but
Device 1 cannot transmit if Device 2 istransmitting.
Theorem 9: If B=P,=P,,, , the system throughput is
optimized if Devicei defers from transmission when the
received power exceeds athreshold T, =N+a P, , whereN

D" max !

isthelocal noiseand a, isgiven by the equation

exp(_BPmax/(N+aD max)) 05+O 5exp( ﬁ /N) .

Proof: Let power lossfactor be a. When G,=G,=1,

S, +S,=2-exp(-cpR, /(N +aP,))-exp(-cBR, /(N +aR)) .
WithB=P,=P,,, . §+S,=2(1-exp(~CfP,, /(N+aP,,))
which decreases monotonically as a increases. When
devicestake turns transmitting, the system throughput is
maximized with G,+G,=1 and is §+S,=1-exp(-cfP,,/N) .
At optimal threshold, system throughput when devices share
the channel reduces to the throughput when devices take
turns transmitting, i.e. a, = which satisfies
2(1-exp(—CPP, /(N+aP,, ))=1-exp(—cBP,,/N) , i.e,
exp(—CBP,. /(N+ay ma,X)) 0.5+0.5exp(—cBP, /N) .
Theorem 10: For any given a , the etiquette requires Device i
to defer transmission to Device j when Devicej is
transmitting if and only if Device | isrequired to defer
transmission to Device i when Devicei istransmitting.

Proof: Consider Device i and Device j transmitting at
maximum powers y;F,, and y, P respectively. Let
Devicei receive power equal to or exceeding its threshold at
agiven a,i.e R =N+ay,P. 2T, =N+a, P, /Y - Thus,
a?ayl(yy;) - Device| receives power given by
RJ. =N+ay,P.sN+a, max/yj _T i.e. Devicej does not

receive power lessthan its threshol d.
Theorem 11: With the Deferring etiquette, devices reach

equilibrium at their maximum powers B =y,P, ., and
P,=y,P,. foral g<getq,where aaq_aD/(ylyz) .

a>dy, there exist two equilibria given by Pl:yleax,P =0
and B=0;R,=y,P,

Proof: Dewceltransmltsat B<y,P,, and hasthreshold
T,=N+a,P., /v, . Device2transmitsat P,<y,P,. and has
threshold T,=N+a P, /v, - R=N+aP, ,R,=N+aP, .

For o<y, R<N+a,R,/(y.y,)<N+a P, /y,=T, . For
o<y, R,<N+a,B/(y.y,)<N+a,P, . /y,=T, .Thus, thereis
only one equilibrium B=y,P, .. ; B,=y,P,, foral a<dy,



Foral a?a,,, if Device 2 istransmitting at equilibrium,
AsR=N+ay,P. . ?N+a,P,./y,=T,, Device 1 does not
transmit. Likewise, if Device 1 istransmitting at equilibrium,
R,=N+ay,P,, ?N+a, P, /v,=T, and Device 2 does not
transmit. Thus, for al a?a,, , both devices cannot transmit

simultaneously at equilibrium, i.e. there only exist two
equilibriaat which either device transmits at maximum power
and the other isidle. Theseequilibriaare given by

R=V1Pwac =0 and R=0,R,=y,R,, .

Theorem 12: a,, ?a,,
Proof: Wehavea,,=a,/(y,y,) , Whered' is given by
exp(—cPP, /(N+a P, ))=0.5+0.5exp(—cB R, . /N)
Q. IS given by the solution of

—CBY, P —CBY, P
e

a opt y2 Pmax N +a opt yl I:)max

=0.5+0.5exp(~CBY; P /N)I+0.5+0.5exp(~CBY R, /N)]

We will first show that

exp(-cB V1 Prax /( N +aetq V2P N O'5+O-&Xp(_cﬁ8y1 Prax /N -

-cfBy,P, —-cBy,P,
exp( ﬁyl max ): ﬁyl max )
N +aetq y2 Pmax N +aD Pmax/yl
?exp(_cﬁylpmax /(N +ap Pmax )) aSO<y1Sl
?(0.5+0.5k)" by definition of o, wherek=exp(-cfP, . /N).
[0.5+0.5exp(—CBY; P /N)]=0.5+0.5k" .
As k=exp(—cfP,,/N), O<k<l. Let

exp(

f (k,y,)=(0.5+0.5k)Y1-(0.5+0.5k V1) -

For y,<land k=0, f (k,y;)=0.5"-0.5>0. For y,<landk<l,
df (k,y,)/dk=0.5y,[(0.5+0.5k) " —k 1]
=0.5y,[(1/(0.5+0.5k)) ™1 ~(I/k) ] < Oask<L. If k=,
f(k,y,)=0. Thus, if y,<l, f(k,y,)?00k . If y,=1,

f (k,y,)=0. Thus, Oky,, f (k)?0,i.e,

exp(—cﬁ Y1 Pmax /( N +aetq Y2 I:)max ))7[05+0%Xp(—Cﬁ ylpmax /N )]
By symmetry,
XP(=CBY ;P / (N+0 g1 Prra )) 210.5+0.56Xp(~CBY , P /N)]
exp( N_Cﬁyl Pmax )+eXp( _C:By2 Pmax )
+aetq y2 Pmax N +aaq yl Pmax

?[0.5+0.5exp(—cBy, P,/ N)+0.5+0.5exp(-cBy,P, .. /N)]

—-cpy,P, —cpy,P,
:[eXp( N :Byl max )+eXp( By2 max )]

+a opt y2 Pmax N+a opt yl Pmax

APPENDIX B

For P =y, P, . the UPCS etiquette threshold is T, [I1585N/y,
with N =kTB , Where k is the Boltzman constant, T is

temperature in Kelvin, and B is channel bandwidth in Hz.
Fory, =1, N+0 pcs P =T, 1.8 Opes =1584N/P, . With
the UPCS etiquette, the maximum power allowed is

P =10v/B . Thus, opcs =1584KT VB 10* , where
kT=-174dBnvHz at T=290Kelvin. Thus, a pis
independent of 8 and highly dependent on bandwidth B. In

contrast, a, ishighly dependent on 3 , as shown by
Equation 2. AS apes =1584KT v/B A0*, a1 pesequals a

when +B/=1.144.10" , i.e. for B(B.74.10™% in a100

MHz band. At5 GHz (with 46.4 dB loss at reference
distance 1m) and a path loss modeled by a 3.0 propagation

exponent, B18.7410™° equates to 29.6 meters between a
device and its basestation. For shorter distances, we consider

VB/B=10" that equatesto 2.84 meters.
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