arXiv:1105.0022v2 [cs.IT] 3 May 2011

Optimal Power Control for Concurrent Transmissions of
Location-aware Mobile Cognitive Radio Ad Hoc
Networks

Yi Song and Jiang (Linda) Xie
Department of Electrical and Computer Engineering
The University of North Carolina at Charlotte
Email: {ysong13, jxiel}@uncc.edu

Abstract

In a cognitive radio (CR) network, CR users intend to opevata the same spectrum band licensed to
legacy networks. A tradeoff exists between protecting tramunications in legacy networks and max-
imizing the throughput of CR transmissions, especially e links are unstable due to the mobility
of CR users. Because of the non-zero probability of falseai®n and implementation complexity of
spectrum sensing, in this paper, we investigate a sensiggspectrum sharing scenario for mobile CR
ad hoc networks to improve the frequency reuse by incorpray #tte location awareness capability in CR
networks. We propose an optimal power control algorithmtiier CR transmitter to maximize the con-
current transmission region of CR users especially in neattienarios. Under the proposed power control
algorithm, the mobile CR network achieves maximized thigug without causing harmful interference
to primary users in the legacy network. Simulation resiimsthat the proposed optimal power control
algorithm outperforms the algorithm with the fixed powerippin terms of increasing the packet delivery
ratio in the network.

1 Introduction

Current wireless networks are featured by the fixed spectrssignment policy, while according to Federal
Communications Commission (FCC), such fixed spectrum paobsults in inefficient spectrum usage [1].
Cognitive radio (CR) technology is one of the key technasdb solve this problem by allowing opportunistic
spectrum accessl[2]. Therefore, CR networks, equippedspitieatrum-aware capability, will vastly increase
the spectrum utilization efficiency.

Many challenges exist in the deployment of CR networks [3istFof all, the transmission of CR users
should not cause interference to primary (PR) users. Sécdhd throughput of CR links should be maxi-
mized for reliable quality communications. Thirdly, théoustness of CR links becomes extremely difficult
to achieve under the mobility of CR users. A number of stuleas been conducted in order to address these
challenges.

One commonly known technique to address the above chalidag@ectrum sensing, under which a CR
transmitter can access the frequency band of interest g PR transmission is detected to be off. Through
spectrum sensing, CR users can exploit unused spectrunrtopistically in a radio environment. Several
spectrum detection techniques have been proposed, suble dgtection of a primary transmitter through
matched filter detection, energy detection, and cyclastaty feature detectionl[4], and the detection of local
oscillator powerl[5].
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In this paper, we consider to achieve the above mentioneld from a different perspective. Due to the
non-zero probability of false detection and implementattomplexity of spectrum sensing, we may raise a
question: is there a way to achieve the goals of CR networkisowi spectrum sensing? Hence, we study
a new sensing-free solution to enable concurrent trangsms®f mobile CR users and also guarantee non-
interference to PR users, thus improve the frequency reWdth such aim, we examine a location-aware
spectrum sharing scenario, where a CR ad hoc network isai¢ed a legacy network. CR users intend
to operate over the same spectrum band which is licensed tosBR. The objective is to maximize the
concurrent transmission region of CR users within whicly tten move, while at the same time maintaining
non-interference to PR communications.
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Figure 1: A spectrum sharing scenario of a two-node CR ad btveark with a PR user.

To achieve the above objective, power control policies mmgoirtant to guarantee the quality of both CR
and PR communications. Fid.l 1 demonstrates the scenarisimg @ fixed power policy (in (a)) and the
scenario of using power control (in (b)). The figure indisatieat without power control, when a PR user
is within the interference range of a CR transmission, coect transmissions are not possible. However,
with power control, concurrent transmissions become fbadiy reducing the transmit power of the CR
transmitter to ensure non-interference to the PR user. éjghe concurrent transmission region defined in
this paper refers to the circle within which the transmissiof CR users can be conducted without interfering
PR users. The optimal power defined in this paper refers taraimsmit power which makes the concurrent
transmission region of a CR user the maximum so that the bidtidefficiency and CR link throughput can
be improved. In addition, we assume that every node has slavation information in the system through
Global Positioning System (GPS) or other positioning dthors [€], and every node is able to exchange
location information via a common control channel with igsghboring nodes [7]]8].

Currently, related work on power control and concurrenbgraissions of CR networks falls into two
categories. In the first category, the power control prolikoonsidered in terms of either improving network
energy efficiency[[S=12], or supporting user communicasessions in multi-hop CR networks [13], but
the concurrent transmission for CR users is not conside@ul.the other hand, iri_[14], the scanning-free
concurrent transmission region for CR users is considemgdfiiom a geometric point of view without taking
power control into account. In addition, in this work, the @Bnsmitters and receivers are geographically
fixed and the mobility of CR users is ignored. The concurreartdmission area defined in[14] is an irregular
area which is difficult to apply in mobile scenarios. [In [7]loaation-assisted MAC protocol is proposed to
enable concurrent transmissions for exposed nodes. IntHépower scaling constraint of a CR transmitter
is studied.

Our proposed optimal power control algorithm differs froetated work in the original motivations.
Most related work only considers fixed transmit power at e@éhnode without the power control capa-
bility [14] [16]. In this paper, we study a mobile CR networlhare each CR node has the power control
capability. That is, each CR node can transmit at any powtrarallowable transmit power range to achieve
the maximum concurrent transmission region. Our main dmrtton is that we propose a location-aware
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Figure 2: System model of a CR ad hoc network overlaid to acegatwork.

sensing-free optimal power control algorithm for concatrgansmissions especially in mobile CR ad hoc
networks. Under such algorithm, the CR transmitter is ableanduct transmissions with the presence of
the PR users while moving. Even if the CR users are in the aadc'protected region’ [15] in which the
CR users should not transmit, if the location informatiorboth CR and PR receivers is known to the CR
transmitter, the CR transmitter can adjust its transmitgraw enable the concurrent transmission.

The rest of this paper is organized as follows. In Sedtiorh@,system model of a CR ad hoc network
overlaid to a legacy network is described. The formulatibtihe optimal power control problem is also given.
In Sectior B, the proposed optimal power control algoritmmdoncurrent transmissions of CR networks is
explained. Simulation results are presented in Setlioalldyied by conclusions in Sectibn 5.

2 System Model and Problem Formulation

In this section, a spectrum sharing scenario in which a t¢wgniadio ad hoc network overlaid to a legacy
network is considered. Figl 2 shows the system model, whershaded triangle and square represent the PR
transmitter and receiver, respectively. The white cireiesthe CR transmitter (denoted as CTx) and receiver
(denoted as CRx). They form an ad hoc network to share the speatrum band with the primary network.
Without loss of generality, we assume that the PR base stetiat the origin of the coordinate axes, and the
PR receiver does not move. Let the location of the PR and C&wvexcbe(ry, ¢1) and(ro, ¢2), respectively.

dio represents the distance between the CTx and the PR reaaidel;, represents the distance between the
CTx and CRx. The decodable radius of the TV base statiéh iBhus, the distance between the PR and CR

receivers il = \/rf + 12 — 2r1r, cosByc, Wherebyy is the relative angle of the PR and CR receivers.
Based on the two-ray ground propagation model [L7] [18],rdwived signal powdr can be written

adf = w, whereR is the transmit powerG; and G, are the gains of the transmitter and receiver
antennas, respectivell andh; are the heights of the transmitter and receiver antenngigecévely;r is the
distance between the transmitter and the receiverpaisdhe path loss factor.

In this paper, we consider that the concurrent transmigsio@R users must satisfy the co-channel signal-
to-interference ratio (SIR) requirements for both PR andr&€divers. We denote the SIR thresholds for the
PR and CR receivers ag and 1¢, respectively; and the SIRs for the PR and CR receiversSdRg and
SR, respectively. The optimal power control problem for cament transmission region maximization is
formulated as follows:

Maximize: the area of concurrent transmission region
Subject to:




SRy > 1p
IR, > T. (1)
Pynépdgpg\ax>

wherePy is the transmit power of the CTRM" andP™ are the minimum and maximum allowable transmit
power of the CTx, respectively.

3 Optimal Power Control

In this section, the proposed optimal power control algponifor concurrent transmission region maximization
is presented. We first consider the feasibility of the pregosptimal power control algorithm. Then, we
consider the implementation of the algorithm in a mobilicgsario. Finally, the impact of the shadowing
fading effect on the optimal power control algorithm is istigated for the mobility scenario.

3.1 Feashbility of Optimal Power Control

We assume that the transmit power of the TV base statiBg,ithe gains of the transmitter and receiver anten-
nas are unity, the heights of the antennas are the same tthiegafactors of the PR and CR transmissions are
the same, and the Gaussian noise is negligible. Based amdksamptions, the SIRs at both CR and PR re-

ceivers can be written &R, = %&i andS R, = F;”;?%, respectively. Since the SIRs must sati§fy (1), we have

c )1/6!
cbs
2)
[
d12> rl(%)l/“.
S

d22 < rz(

The first constraint i {2) means that the CTx which can caealy transmit to the CRx must be physically
within the disk centered at the CRx with a radiusrgf-&-)%/¢, as shown in Figl]2. The second constraint

means that the CTx must not fall into the disk which is cemteteahe TV receiver with a radius of(%)l/“,
as shown in Figl]2. Therefore, the concurrent transmissgion reaches the maximum when the following
equation is satisfied:

TpPCt Py

ri(—— —
Pos TcPbs

Hence, giverry, rp, and By, the optimal power for concurrent transmission region mmza@tion can be

derived by solving equatiof](3). _

However, considerind {1), the solution ¢f (3) may not lie e tallowable rangeH"", P"™]. So we
consider two extreme cases by lettig be P"" andP™, respectively. We have the following two extreme
functions ofr, and Gp:

YV 41— = dpe. 3)

TP g P g
f(ro,Bpc) =r1(——— +ro(——
(r2,6pc) =ra( P ) Z(Tchs) @
— \/r§+r§— 2r1r,CoSBpc
TP pmax
9(r2, Bpc) =ro (28— 4 rp(—2—)l/@

3 TcPbs (5)
— \/rf + 13— 2r1rc0SBpc.
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Figure 3: Two possible cases that there will be no solutior@h (a) f(r2, 8pc) > 0. (b)g(r2, Bpc) < O.

If f(r2,B8pc) > 0, as shown in Fig[_3(h), the two disks overlap and increatiagransmit powePy cannot
make these two disks separate, therefore, the optimalniapswer ofPy can never be reached. Similarly,
if g(r2,6pc) < 0, as shown in Fid. 3(b), there will not be an optimal poweasit Hence, the existence of the
optimal Py power relies om, andBy. If the optimal power control is feasible, the two cases showFig.[3
should be avoided. That s, to let the optimal power exisénd 8, must be in the set

{(r2,8pc)| f(r2, 6pc) <0NQ(r2,6pc) > 0)}. (6)

updatery , ¢1, ro andgy;

calculateBpc, do, f(r2,8pc) andg(ra, Bpc);

if (f(rz, Gpc) < O)AND(g(rz, Gpc) > O)AND(dZZ < rmx)
calculate optimal power; //optimal power could apply
transmit with optimal power;

elseif (g(r2, Bpc) < 0)AND (d22 < Fmax)
transmit with maximum power; //concurrent transmission

will not affect primary user

elseif (f(rz,6pc) > 0)

stop transmitting; /lconcurrent transmission is not
allowed
endif

Figure 4: Power control algorithm for fixed CRx.

Fig. 4 presents the proposed optimal power control algorfibr the scenario when the CRx is in a fixed
location, whererax is the maximum decodable range of the CTx. Recall that thatilme information of
both the CR and PR receivers is available to the CTx. The gegpalgorithm first evaluates the feasibility
of the optimal power control for concurrent transmissiohben, the optimal power can be computed using
any numerical method when the optimal power control is fdasiThe last case checks the availability of
concurrent transmissions, and the CTx will not conductamaissions unless the condition is violated.

3.2 Optimal Power Control for Mobility Scenarios

We now extend our model to the scenario in which the mobilitthe CRx is considered. Because of the
mobility of the CRX,r» and relative angléd,. change with the movement of the CRx. Thus, the optimal
power and the concurrent transmission region also chanige [BFshows the scenario where the concurrent
transmission region evolves with the movement of the CRmffoto B.

Without loss of generality, we assume that the CR transmidtstatic in a locatior{rs, ¢3), and the CRx
is moving from a starting pointR, ®») with a velocity ofV = sii, where s is the speed ad= (cosy,siny)
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Figure 5: The concurrent transmission region evolves vhighrhovement of the CRx.

is the unit directional vector. Therefore, the polar cooades of the CRx can be written as:

ra(t) = v/(R2cos®; + st cosy)? + (Rysind, + & siny)?
a(t) = arctarl RS,

If the movement pattern of the CRx does not change (i.e., ifeettbn and velocity remain the same)
or the movement pattern is deterministic, the coordinatdheoCRx are just functions of time. Therefore,
the CTx can “predict” the location of the CRXx, thus adjustigsmit power using exactly the same optimal
power control algorithm shown in Fig. 4.

On the other hand, if the movement pattern of the CRx keepsgihg randomly, the CRx should update
its location to the CTx for computing the optimal power cohtr-ig. 6 demonstrates the proposed optimal
power control algorithm for a mobile CRx that changes movematterns randomly, wherer is the radius
of the concurrent transmission region.

updater; , ¢1, Ro, P, r3, ¢3, Sandi;
calculaters, ¢2, Bpc anddyy;
if (d22 < rer)AND(d22 < Fimax)
/lthe distance between CTx and CRx
is still in concurrent transmission region
transmit power remains the same;
else
calculatef (rp, Bpc) andg(r2, Bpc);
if (f(rz, Gpc) < O)AND(g(rz, Gpc) > O)AND(dzz < rmx)
calculate optimal power;
calculate concurrent transmission radigs;
transmit with optimal power;
elseif (g(r2, Bpc) < 0)AND (d22 < Fmax)
transmit with maximum power; //concurrent transmission
will not affect primary user
elseif (f(rz,0pc) > 0)

stop transmitting; /lconcurrent transmission is not
allowed
endif
endif

Figure 6: Power control algorithm for the mobile CRx.



3.3 Shadowing Fading Effect

In this subsection, we consider the impact of the shadowaning effect on the optimal power control al-
gorithm. Since the antenna of the TV transmitter is usuallgdieds of meters higher than that of the CR
transmitter, we loose the assumption that the path lossrfaof the PR user and CR user are the same, and
assumenr; < ap, wherea; anday are the path loss factors of the PR user and CR user, resggctiysing
log-distance path loss model [17], the path loss of PR trassamns can be written as:

PL(r1)[dB] = PLp(do) + 100 Iog(;—z) X,

wheredg is the reference distance alAg is a zero-mean Gaussian random variable with standardtibgvia
o which is location and distance dependent. Therefore, tteived power of the PR receiver By (r1) =
Pos — PLp(r1), and interference from the CTx B(d12) = Py — PL¢(d12). Hence, the SIR at the PR receiver
is SRp = Py (r1) — R (d12). Similarly, the SIR at the CR receiver &R; = P (d22) — R(r2). Since the SIRs
must satisfy the constraints ial (1), we have

- Pat + 0111 + Tp+ Xy — Phs

di2[dB] o

(7)

< Pg + 0152 — Te — Xi — Phs

dpo[dB o

(8)

whereX[J ~N(0,v/20). Similar to [3), the optimal power is achieved when the folleg equation is satisfied.

/ ’
Pet+0171+Tp+Xg—Phs Pt +a1rp—Tc—Xg—Phg

10 1003 +10 100

(9)

= \/rf + 12 — 2r1r2 COSBp.

The solution of equatiori [9) can be written as

(10)

r2+12— 2r1r,cosbyc
P«[dB] = 10a»lg .

! /
a171+Tp+Xg —Phs a1r2—Tc—Xg—Fhs
100

10 2 +10 100

4 Performance Results

In this section, the performance of the proposed optimalgs@entrol algorithm is evaluated via simulations
and compared with the power control algorithm with fixed srait power.

41 Simulation Parameters

The parameters used in our simulations are listed in TabWe assume that the transmit power of the TV
base station is 100 kW [19], the transmit power range of thg ET1W, 100W] [19], and the SIR thresholds
for the TV and CR receivers are 30dB and 3dB, respectively.

The mobility characteristics of the CRx are modeled usimg#mdom waypoint mobility model [20] [21].
The CRx changes its movement pattern e¥sgeconds, whersis uniformly distributed between 0 and 30s.
The average speed of the CRis chosen at 10, 20, 30, 40 m/s. The heading angle of the CRateisted to
be uniformly distributed between 0 andr2The average pause time of the CRx is set to be 5 seconds. The



Table 1: Simulation Parameters

TV base station transmit power 100kw
maximum transmit power of CT 100W
minimum transmit power of CTX 1w
coordinates of TV receiver (50km,0°)
coordinates of CTx (50km, 60°)
SIR thershold for PR receiver 30dB
SIR thershold for CR receiver 3dB
path loss factor 3
Simulation time 1000s

starting position of the CRx i§50km, 60°). The time-based update mechanism is used in our simulations
with the time threshold 1 second.

The length of packets sent from the CTx is exponentiallyriiigted with the mean length of 100 bytes.
The packets are sent in a Poisson stream fashion with thagevarrival rate of 10 packets/s.

4.2 Simulation Results

@
o

Optimal transmit power of CTx (W)

r(km 0 o0
5 (km) 6. (rac)

Figure 7: Optimal transmit power of CTx for maximum concuatrggansmission.

First, from [3) we obtain the plane of the optimal power wigspect ta, and 8y, as shown in Fig.17. It
is observed that whefl, is within a certain range, the optimal power is constaf&t. This is because that
if the solution of [(3) is greater than the maximum allowalsensmit power of the CTx, the optimal power
will be limited to the maximum transmit power.

Fig. [8 along with Fig.[DB illustrate the relationship betwebe radius of the concurrent transmission
regionrcr and the transmit power of the CTx under different Fig. [8 is obtained from Fid.17 whef, is
fixed to be 60, while Fig. [9 is obtained through the simulation based oncthstraints in[{f1). It is noted
that wherr; is in the interval [47km, 51km] as shown in FIg. 8, the optimpaiver in these two figures match
perfectly, which indicate the analytical and simulatiosuis coincided well. From the proposed optimal
power control algorithm shown in Fig. 6, the distance betwibe CTx and the CRa,, must be smaller than
the maximum decodable radius of the CTx to let the concutransmission be feasible. According [o (2),
the maximum decodable radii of the CTx are 3.7km wheis 47km and 4.2km wherp is 54km. So ifry
is out of the neighborhood of 50km (i.e., [47km, 54knth); is larger than the maximum decodable radius of
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Figure 9: Simulation results of concurrent transmissiaiusvs. transmit power of CTx.

the CTx. Hence, the concurrent transmission radius is rénmh means that the concurrent transmission is
not allowed. From Fid.]8, the radius of the concurrent traasion region increases as the transmit power of
the CTx increases. When the transmit power reaches the agbiowver, the concurrent transmission radius
reaches the maximum, and then it decreases drastically.

Fig.[10 shows the simulation results of packet deliveryorafithe mobile CR ad hoc network using fixed
transmit power of the CTx and the proposed optimal powerrobatgorithm with different moving speeds
of the CRx. The mobility characteristics are given in Set#al. First of all, it is observed that the overall
packet delivery ratio suffers degradation as the movinggmé the CRx increases. Secondly, with the same
moving speed, the packet delivery ratio increases as thertria power of the CTx increases. When the fixed
transmit power of the CTx exceeds 80W, the packet deliveig teecreases to zero. This is because that the
SR, can never be satisfied when the transmit power of the CTx elgc@@W. However, it is noted that the
packet delivery ratio using the proposed optimal power rabratigorithm is always higher than that of the
fixed power algorithm at any speed.

Finally, Fig. [I1 shows the simulation results of the pacladivery ratio under different power control
algorithms with the impact of the shadowing fading effedteTnobility characteristics are the same as used
for Fig.[10. The path loss factors of PR and CR transmissiom8 and 4, respectively. The average speed of
the CRx is set to be 30 m/s, and the standard deviatichosen to be 6 dB. Compared to Hig. 1D(c), the
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Figure 10: Packet delivery ratio using fixed power algorittima the proposed power control algorithm under
different average speeds.
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Figure 11: Packet delivery ratio under the shadowing fadiffigct (average speed = 30m/s).

overall packet delivery ratio decreases significantly. sy, with the shadowing fading effect, tBER, can
be satisfied with certain probability when the transmit poafethe CTx exceeds 80W. It is observed from
the simulation results that the proposed optimal powerrobaigorithm also outperforms the fixed power
algorithm under the shadowing fading effect.

5 Conclusion

In this paper, an optimal power control algorithm for comeut transmissions of location-aware mobile CR
ad hoc networks is proposed. The proposed algorithm incatg® the mobility characteristics of the CR
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receiver in the algorithm design and is aimed to maximizectirecurrent transmission region of CR users,
hence improving the throughput of CR links. Simulation tessdemonstrate that the packet delivery ratio of
the proposed optimal power control algorithm can be effettiimproved, as compared to that of the fixed
power algorithm. The impact of the shadowing fading effecttee proposed algorithm is also considered. It
is shown that the proposed power control algorithm alsoerfpms the fixed power control algorithm under
the shadowing fading effect.
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