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Abstract

Link adaptation is an important issue in the desgrcognitive radio networks, which aims at making
efficient use of system resources. In this paperpvopose and investigate a joint adaptive moaduiadind
power allocation algorithm in cognitive radio netk® Specifically, the modulation scheme and trahsm
power are adjusted adaptively according to chamoelditions, interference limit and target signal-to
interference-plus-noise ratio (SINR). As such tb&lt power consumption of cognitive users (CUSs) is
minimized while keeping both the target SINR of Caisd interference to primary user (PU) at an
acceptable level. Simulation results are providedhow that the proposed algorithm achieves afsignt
gain in power saving.

Keywords: Adaptive Modulation, Power Allocation, Cognitiva&io

1. Introduction is an effective way to mitigate interference by neaf
updating transmit powers according to the targ&RSI
Besides, the effective use of transmit power canonty
With the increasing number of various bandwidth-minimize the interference introduced by other traibs
consuming wireless services, spectrum for availableodes to enhance the capacity, but also consemmgyen
bands becomes more and more scarce. Moreover, thetge prolong battery life. In [3], the author propdsa
bands are not occupied or underutilized by licensssts  simple distributed power allocation algorithm, irhieh
most of time, which leads to the waste of bandwidthithe power level at next iteration only depends anyet
resources and low spectral efficiency. One solutiothis ~ and actual SINR as well as current power level. Goa!
problem is that cognitive (unlicensed) users (CdHs is to minimize the total power consumption subjecthe
allowed to have opportunistic access to thesebdleds target SINR requirement. Further studies are shiob-
or to the active ones without causing harmful ifletemce  8]. In [5], the joint optimization of beamformingné
to the primary (licensed) user (PU), in order tgiove power control is studied in the downlink of a cdiy&
the bandwidth utilization. This technology is cdlle radio network. The objective of the proposed alpomiis
cognitive radio [1,2]. The major advantage of ctigai to minimize the total transmit power while satisfyithe
radio technology is its ability to search for ambie target SINR constraint of CUs and maximum tolerable
spectrums in its surrounding environment and adjgst interference to PU. However, this work can not be
transmit parameters accordingly to enhance thesisyst extended to the energy-constrained wireless nesyank
performance. The transmit parameters, for exampleyhich there is a constraint of maximum transmit pow
include modulation scheme, beamforming vector, erent for each CU. Literature [6] proposes a cross-layer
frequency, transmit power and so on. The whole ggec framework for joint scheduling and power control
can be summarized as “sense-cognition-adaptation”. combined with adaptive modulation in ad hoc netwprk
In wireless network, a fundamental characteristithe ~ which can be viewed as the situation where only CUs
interference introduced by multi-user or co-channekhare the same frequency band with the absencé&of P
transmission at the same time or over the samedrery  Therefore, the proposed algorithm can not be aapipléc
radio channel. It is well-known that power allocati[3,4] to the case of the co-existence of PU and CUsdrséime
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frequency band, since it does not consider the System Model
interference introduced to PU caused by CUs. While

literature [7] and [8] only consider the problem of
adaptive modulation and power control of a singlé i
the presence of PU.

In contrast to previous work in{8], we consider the
scenario where one PU and multiple CUs share thme sa
frequency band in wireless networks. So far as menk
little attention has been paid to the topic of j@daptive
modulation and power allocation in cognitive radio
networks, in which the protection of PU and theliquaf
service (QoS) of CUs are assured. In this contiobyt
our goal is, therefore, to jointly optimize the mustion
schemes as well as transmit powers in order tomime

the total power consumption while keeping both the
interference to PU and target SINR of CUs at an

acceptable level. More specifically, we performvwa-t

stage power allocation processing for the proposed

algorithm; First, transmit powers are allocatechloCUs
with the same modulation scheme, under the conswai
target SINR of CUs and a given interference lirittJ;
Second, each CU with adaptive modulation schem
adjusts its transmit power based on the first afied
power, in order to reduce the total power consuonmpti
The rest of this paper is organized as follows:tiSac
2 describes the system model and basic assumptions.
Sections 3, we develop the proposed algorithm dont j
adaptive modulation and power allocation in cogngiti

The cognitive radio network under consideration is
composed of one PU and N CUs, which are modeled as
collection of separate (N+1) transmit-receive paiith a
single channel, as illustrated in Figure 1. All Cle
allowed to transmit at the same time and sharessinmee
frequency band by adopting code division multiphexi
access (CDMA). The transmission mode for each CU is
half-duplex in order to avoid self-interference [Hused
by one node simultaneously transmitting and rengivi
The channel propagation model is characterizeddtk p
loss, which is given by [10]

1)

where d, and d are the reference and transmitter-

PL(d) = PL(d,) +10a log,, (di)dB d=>d,

0

receiver (T-R) distance, respectively.denotes path loss
exponent, which depends on propagation circumstance
Then, the actual SINR for ith CU can be expressed

© G,R

>

SNR = y (2)

N
Z GP +G,R,+7n

j=li#]j

1

where P and R, denote power level of ith CU and
primary user, respectivel\G, is the channel gain over

radio networks. Performance analysis of the progposeCU i, G; andG,, represent the channel gain between CU

algorithm is investigated

concludes this paper.
Notation: All vectors and matrices are denotedatdb

letters. 1, stands forNxN identity matrix. A(, j)

denotes the(i, j) th element of the matrixA . The

operators()f , (U* and ()F represent pseudo inverse,
inverse and transpose, respectively.

Figure 1. System model with one PU in dashed linend N
CUs in solid line.
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in Section 4. Section 5;

i’ transmitter, primary user’s transmitter and CU i
receiver, respectively; is the background noise power

and K denotes the spreading gajnis the target SINR
for all CUs and the constraifiINR = y guarantee the
QoS for ith CU. On the other hand, the total irdezhce

introduced to PU is given by

N
9(0=ZG0iPiSE (3
=

where G,; represents the channel gain between CU '
transmitter and PU’s receiver and denotes the

maximum tolerable interference for PU.

Throughout this paper, we make the following
assumptions:
1) The system consists of an access point (AP) [1r1] fo
dialogues with CUs through a dedicated control
channel, and the global information of channel gain
is assumed to be available at AP.
The local information of channel gains and SINR
measurements at the receivers of all CUs are gent t
their respective transmitters via a dedicated
feedback channel.
All CUs are well synchronized, and are assumed to
be immobile or move slowly so that the
corresponding channel gain remains constant during
the convergence of transmit power.

2)

3)
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3. Joint Adaptive Modulation And Power BFP=U, 9)

Allocation where F, =(G,,,G,-,G,) is a 1xN vector and
U, =¢&. Note that, in equation (9)3=1 is a constant,

. . . and the interference constraint of PU can be easily
transmit powers and available modulation schemeadlto L . .

. S . satisfied by increasing the value ¢ , because the
CUs, in order to minimize the total power consuimpti
while satisfying the target SINR constraint of CUs.Powers allocated to all CUs are kept at a low level
Besides, we should also consider maintaining thélowever, it does not mean that largewill satisfy the
interference introduced to the primary user withigiven  target SINR requirement for all CUs. Combine (8)l an
interference limit, since CUs coexist with the RUthe  (9), the constraints (5) and (6) can be finallyresged in
same frequency band. Therefore, we can formulate ththe matrix form as follows
following constrained optimization problem:

minimize 3" P ) [I " yﬂ P =[U 1} (10)
= L AR ] WY

U

The objective of this algorithm is to assign coaisted

subjectto SNR = y (5) . ) )
where Fis a (N+1)xN matrix andU is a (N+1)x1
$<=¢ (6)  column vector. Note that the equation (10) hasasifée

. ) . solution, i.e., there exists a positive power veddq if
where R 0[0,R, ] and B, is the maximum transmit . following condition holds

power. 1
In what follows, transmit powers which satisfy both y< (11)
the constraint (5) and (6) are calculated by AP semt to Amax(F1)

all CUs, in which the modulation scheme is the same  \;here 4 (F)) stands for the maximum eigenvalue of
chosen to guarantee the existence of positive mwer . . .

Then, the modulation scheme (or equivalently, 'Brgematnx F, . Otherwise, no CUs can be admitted to share
SINR) is modified based on the initial SINR for bagU,  this frequency band with PU. As for the valueyaf we

in order to maintain a certain BER requiremenwiltbe  will give details in the next section. On€eand U are

shown that, based on the modified target SINR tmhe determined, the powers first allocated to CUs arergby
CU, the total power consumption is greatly redubgd

iteratively updating transmit power of each CU, lehi PY =min(P,,,, F' U) (12)
both the QoS and interference constraint can akso b .
satisfied. where P, = (Prax Pmae "+ P mad 1S @ Nx1 column

vector andF' = (F'F)*F" .
3.1. First Power Allocation

Remarks:
) ) ) 1) Equation (10) is overdetermined, and (12) is itsste
The constraint (5) can be expressed in the follgwiay square (LS) solution to the optimization problem(4y
b i VG, o V(G,P, +1) @) with constraints (5) and (6).
& KG, TG 2) The first allocated transmit powe®® and fixed

modulation scheme (oy) are obtained at AP, and this

information is sent from AP to the transmitter of
Let P=(p, P,,:--, Py )", rewrite (7) with equality in the corresponding CU through the dedicated control

Note that the targey is the same for all CUs in this stage.

matrix form, we can obtain channel.
(I =yF)P =U, (8) Table 1. Constellation size and corresponding minimm
whereF, and U, are given by in the following required SINR for target BER, =107 [6].
- _Ijl I¢J iij:]-lz;”!N 1 I
F(,j)={KG, Constellation size (M) SINR
. 64 179.85
0, =]
32 113.90
U, = YCuP*m) YGuPorm) | VG Pet)y; 16 45.11
' G11 , Gzz L GNN 8 27.65
Meanwhile, we can also rewrite constraint (6) with 9.55
equality in the matrix form as 2 4.77
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It should be noted that the protection of PU an&Qo
of CUs are both met without the maximum power
constraint. However, due to the fact of power-caised
CUs, the target SINR constraint of all CUs may bet
satisfied. In the following, we will address thissue in
detail.

3.2. Adaptive Modulation

Adaptive modulation enables the system to suppigh h
data rate by varying the number of bits per symhol
accordance with the instantaneous SINR, while kegpi
target BER requirement. The transmission rateofot
for M-ary quadrature amplitude modulation (M-QAM) i
given by [6]

R =log,(1+k[ENR) (13)

15
IN(5BER,)
requirement. Note that transmission rate obtained i

equation (13) is contiguous and should be quantiaeal
finite number of integer values in practical sitaat The

where k =- and BER, is the target BER

¥, =955, y, =477 and y,=0 (no transmission),
respectively. Note that, in this case, the constrd) is
changed intoSNR = y; . Therefore, the modified target
SINR constraint of all CUs can be satisfied.

3.3. Second Power Allocation

Since both the QoS and interference constraint are
satisfied as discussed before, we consider redutiag
total power consumption for all CUs. Let
y =diag(y,,¥,, -,V ) be a diagonal matrix of size

NxN , then the equation (8) can be rewritten in the
following form as

P(k+1) =FyP(k)+U, (15)

where P(k +1) and P(k) denote power level at next and

current iteration, respectively. Then, the optitrahsmit
power can be obtained by iteration of [3]

1__p k)

R(k+1)=min(R,., SRR

(16)

minimum required SINR corresponding to the target

BER, for M-QAM can be obtained by [6]

124322
3

e.fc—l(m:% DngM (3
M-(1+J)

)J , rectanglar QAM
INR=
2M-1)
3

(erfc‘l(BE% Qldg |_0192

, Suare QAM

(14)
where | =42M andj= /M. As a result, the minimum
2

M )]

required SINRs corresponding BER, =107 for M = 2,

4,6, 8, 16, 32 and 64 can be calculated and thétseare
shown in Table 1.
According to Table 1y is determined in such a way

Note that the above algorithm terminate with cogeet
power if |Rk+D)-Pk)kd{ , where {>0 is a
negligibly small error. Based oR® andy', it can be

known that the total power consumption will be reet
after second power allocation using equation (18),
which the initialized power isP® . The following
theorem supports our conclusion.

Theorem: Given P and corresponding SNR®

which satisfy SNR®” >/, i=12;-- N , then there

exists a steady-stateP® to achieve ), such

N N
that) P® <>’ R® while satisfying both the QoS and
i=1 i=1

interference constraint.
Proof: It can be known from equation (16) that, if

that the maximum SINR is chosen from available onegNR for each CU satisfies the conditi@NR (k) = y/
2y,

which satisfy the condition (11), in order to actdehigh
data rate. However, the actual SINR based on fitialin
allocated power for each CU can not satisfy theimmim
required SINR for certainBER, at the same time.

Therefore, the modulation scheme, i.e. target SINR

should be modified for each CU. To be specific,
assuming that the s€ is composed of SINRs in Table
1 which are no more thap, then the modified target

SINR for each CU denoted 3s, is chosen in such a way

that the corresponding required SINR @ is no more
than its actual SINR. In the worst case, if thaiakSINR
falls below 4.77, the corresponding CU will abort
transmission. For instance, ¥=9.55 and the CUS’
actual SINRs based on the first allocated powezslér 5
and 3, respectively, the® =[4.77, 9.55], and therefore

Copyright © 2008 SciRes.

then we have

Table 2. Simulation parameters.

Number of CUs (N) 9
Noise variance/ ) 10*
Negligible error ¢ ) 10*
Reference distancedf ) 1m
Path-loss factord ) 4
Processing gain (K) 128
Maximum power @,,,) 1w
Constant (3) 2
Maximum tolerable interferencef() 1w
Maximum number of iteration 20

1. J. Communications, Network and System Sciences, 2008, 3, 207-283
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4

PO (k+1) = min®,,, ————P% k))=

max

INR(K)

INR(K)
The iteration will terminate iSINR® = SINR® (k) =y,

so the QoS constraint of CUs is satisfied. Thabisay
that there is no negligible change B¥ (k) such that

|[PP(k+1)-PY(Kk)E( . Therefore, the convergent

D. LI ET AL.

«)<PY k)

in reduction of the total power consumption while
satisfying both the QoS constraint of CUs and
interference constraint of PU. Besides, we analyee
effect of differentR, on the proposed algorithm.

In our simulation, we consider the cognitive radio
network placed in aOmx10m square area, in which
transmit nodes are located uniformly and the
corresponding receive nodes are random placed nwithi

power P = PY(k) < P®(1)=P™. As a result, we have 6mx6msquare area centered around them. The specific

N N

N N
also satisfied withe!” => G P? <&’ =) G,P" <¢&.

i=1

4. Simulation Results

In this section, we provide numerical results to
demonstrate the effectiveness of the proposed idigor

P® <> PY, and the interference constraint of PU is
1 i=1
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Figure 2. Convergence of transmit power and actuaSINR
for each CU in the second power allocation stage,hare P,

= 5W. (@) Transmit Power (dB). (b) Actual SINR (dB).

Copyright © 2008 SciRes.

,
20

parameters used in this simulation are listed ibl§ 2, in
which the channel gain can be expressedsas dij"‘,

where d; is the distance between jth CU’s transmitter
and ith CU’s receiver.

4.1. Performance Analysis

First, we examine the performance of proposed #lgor
with respect to power saving. Figure 2(a) shows the
convergence property of transmit power for each iU
the second power allocation stage wRh= 5W, in

or
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Figure 3. Convergence of transmit power and actuaBINR
for each CU in the second power allocation stage,here P

= 10W. (a) Transmit power (dB). (b) Actual SINR (dB)
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which the initial powers ar@® = (1, 1, 0.006, 0.0773,1,  As expected, with the increasing value Bf, the
0.9601, 1, 1, 0.0065) in W according to equatio)(1 interference introduced to all CUs will increase
and the convergent powers aPé” = (0.8079, 0.2538, accordingly. This means the first allocated powré?
0.0002, 0.0086, 0, 0.1626, 0.7089, 0, 0.0025) ifFY¥¥m  will be increased for each CU in order to satisiy target

Figure 2(a), we can find that the total power comstion  g|NR constraint. For instance in Figure 3@ = (1, 1,
is greatly reduced after second power allocatiothwi g 0p18. 0.1003, 1, 1, 1, 1, 0.0082) in W. Besidhs,

adaptive target SINR. convergent powers ae® = (0, 0.3813, 0.0003, 0.0153,
Then, we investigate the SINR performance of thq) 0.2909, 0, 0, 0.0048) in W

proposed algorithm. Based @n”, the actual SINRs for  \eanwhile, the increased interference caused by PU
all CUs are SINR™ = (5.6153, 8.5909, 260.7868, will certainly affect the SINR performance for eaCh.
15.5663, 0.1612, 45.7656, 6.6999, 0.0398, 24.498). In this case, the SINR constraint of some CUs bal

is set to be 9.55 so that the constraint (11)tisfad, and violated. Therefore, the initial SINRs of these CUs

Q = (4.77, 9.55). Therefore, the adjusted target SINR§€Crease and corresponding target SINRs should be
for all CUs in the second power allocation stagesat to adjusted accordingly, which can be seen from Fig3.

be y =(4.77, 4.77, 9.55, 9.55, 0, 9.55, 4.77, 0, 9.55. W In Figure 3(b), we can find that two CUS’ targetN&is

i are reduced from 4.77 to 0 compared with Figure.2(b
notice that the target SINRs of two CUs are eqoa,t  That s to say these CUs abort transmission. Spattjf
which means that the corresponding CU will notsrait.  jn Figure 3(b), the actual SINRs for all CUs are

Figure 2(b) shows the convergence property of teah g NR©® = (2.9760, 6.7423, 50.5086, 19.2122, 0.1538,
SINR for each CU, in which the actual SINRs for thepg 2723, 3.3640, 0.0204, 16.3146), = 9.55 and

admitted CUs converge to 4.77 and 9.55, respegtivel o = (4.77, 9.55). Therefore, the adjusted target SINRs
other words, the constellation size M is chosedo2 for all CUs in the second power allocation stage ar
and 4, accordingly. y =(0,4.77, 9.55, 9.55, 0, 9.55, 0, 0, 9.55).

Finally, we examine the performance of the proposed gy rthermore, A close observation of Figure 2 and
algorithm in terms of the interference constraiftPt).  Figure 3 shows that the convergence of transmitepow
According to equation (3), the actual interferencesand actual SINR for each CU requires only several
introduced to PU in the first and second powercallion iterations with differenk, , which is quite acceptable.
stage are 8.8 mW and 4.8 mW, respectively, whiehfar As mentioned before, some CUs are turned off in the
less than the interference limft = 1 W. This is mainly second power allocation stage, in which their Qa ot

due to the maximum transmit power limit for each.CU  be guaranteed due to the interference from PUolilav
be also interesting to study the relationship betwthe

4.2. Impact of Different P, number of admitted CUs anB, . As can be seen from
Figure 4, the number of accepted CUs decreasesthéth

In our previous study, a constaR} is chosen for all increasing value ofy in general. This is because more

simulations. To be more practical, we study theaotpf  CUs’ QoS requirements can not be satisfied andcbest

different P, on the system performance. off accordingly. In this case, the total power agnption

after second power allocation decreases roughly thig

decreasing number of admitted CUs. However, we also

notice that the number of admitted CUs remainsstirae

for B, =15 and 20 W, which means more power

consumption is needed whé}) =20W than the case of
R, =15W. It can be known that, whe is large enough,
there is no CUs that can be admitted by the system.

5. Conclusions

Number of Admitted CUs

In this paper, we have proposed and investigatgina
adaptive modulation and power control algorithm in
cognitive radio networks. Our goal is to minimiZeet

5 10 Pl(%N) 20 2 total power consumption while keeping the interfiee
0 introduced to PU below a given limit and satisfyitig

SINR constraint of CUs. Specifically, the proposed
Figure 4. Number of admitted CUs versus?,. algorithm is implemented in a two-stage power altmn

Copyright © 2008 SciRes. 1. J. Communications, Network and System Sciences, 2008, 3, 207-283
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processing with fixed and adaptive modulation,[4]
respectively, which has been proved to greatly ower
the power efficiency. Simulation results are shoten

confirm the effectiveness of the proposed algorithm
[3]
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