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Abstract: A subcarrier power allocation scheme for orthogonal frequency division multiplexing (OFDM) based cognitive
users has been proposed for spectrum sharing with primary users (PU) allowing secondary users (SU) to coexist in
same as well as adjacent frequency bands by underlay and interweave approaches respectively. The SU sum capacity
of reliable communication has been maximised under the constraints of total power, each sub-channel power and PU
aggregate interference limits. Based on the quality of channel gains and spectral distance from PU bands, the powers
of subcarriers adjacent to PU bands are suitably controlled till the interference constraint of PUs are satisfied.
Controlled subcarrier deactivation achieved by augmenting this ‘n-adjacent’ power redistribution step to traditional
OFDM water-filling gives a powerful tool for efficiently maintaining high SU sum capacity without exceeding PU
interference tolerance limit for a wide range of total power budget. Different water levels get assigned for the adjacent
and non-adjacent subcarrier groups. In terms of SU capacity and PU interference, the proposed algorithm outperforms
some of the existing schemes having almost same complexity as the proposed one. The improvement is significant

when the adjacent subcarriers channel gains are relatively ‘good’ or ‘bad’ compared with the non-adjacent ones.

1 Introduction

Dynamic spectrum access through cognitive radio (CR) technology
is widely used to address the problem of inefficient spectral usage
in both spatial and temporal domain replacing the existing policy
of assigning fixed bands only to licensed users [1-3]. The spectral
usage activity information of licensed primary users (PU) made
available to unlicensed secondary users (SU) by spectrum sensing
enables the latter to adopt flexible, dynamic opportunistic spectrum
access schemes. The awareness about spectrum usage and
existence of PU in a geographical area is known to SU by
spectrum sensing and adaptive power control can help in the
intelligent coexistence of both PUs and SUs [2, 4]. Literature
projects orthogonal frequency division multiplexing (OFDM) as a
popular transmission technology for cognitive radio network
(CRN) [5, 6]. The use of orthogonal subcarriers not only mitigates
frequency selective fading, but also helps in efficient spectrum
utilisation. The use of OFDM modulation by the SUs, gives them
two important benefits without any additional overhead. Firstly,
fast Fourier transform (FFT) operation in OFDM receiver enables
spectrum sensing and secondly in the scenario of rapidly changing
channel and spectrum, the provision of adaptive control of the
flexible subcarrier structure enables spectrum pooling, spectrum
shaping, and efficient resource allocation. The traditional
water-filling  and  uniform-power-variable-rate  algorithms
maximising the SU sum capacity for optimal subcarrier power
allocation in OFDM subcarriers is a widely discussed problem [7,
8]. It becomes challenging in the domain of CRNs accommodating
PU-SU coexistence under interference protection to PUs. Meeting
the interference constraint is relatively easier when PU-SU
transmit in the same band. However, when the OFDM-CR users
and PUs are spectrally adjacent (exist in side-by-side bands),
non-orthogonality of the OFDM subcarriers causes mutual
interference, and meeting of PU interference constraint by optimal
water-filling becomes difficult. Moreover, in OFDM based CRNSs,
frequency band is divided into several sub-channels, each
corresponding to some licensed PU user band. By sub-channel is
meant an unoccupied band spanned by a group of subcarriers that
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would be used for CR transmission. The interference limit of each
such PU has to be met and thus there is a need to consider
sub-channel transmit power constraints in the power loading
algorithms [9]. From spectrum sensing data, the unoccupied PU
sub-channels and the spectral distance between the CR-subcarriers
and the PU bands can be made known. Several new subcarrier
power allocation schemes based on modified versions of
conventional water-filling have been proposed in works of [8-17],
wherein the system model considers the PUs existing in the same
as well as adjacent frequency bands as that of a single user
OFDM-SU. The iterative partitioned water-filling (IPWF)
algorithm of Wang et al. [9] based on convex optimisation is
capable of maximising the capacity under both sum and
sub-channel power constraints. To include the effects of
sub-carrier side-lobes, a reformulated algorithm finds the optimal
power allocation recursively by decoupling the sub-channel power
constraints ~ phase-by-phase. =~ The  power-increment  and
power-decrement water-filling process of [18] for OFDM-based
CR system is faster and of lower complexity as compared with
IPWF. Reducing of PU interference is also approached by the use
of raised cosine pulses and other windowing techniques as in [6].
Peng et al. [10] have addressed power allocation including the
interference from subcarrier side-lobes. PU activity dependent
subcarrier availability factor has been incorporated into the
capacity function in [11], to develop a risk-return model. The
Lagrange based optimal power allocation of [12] maximises
downlink transmission capacity keeping the aggregate interference
acceptable to PUs. The suboptimal algorithm proposed in [13] is
for a probabilistic model of interference threshold eliminating
channel quality feedback from the PU to SU. In the works of [11,
13], the suggested scaling and step-ladder methods are capable of
reducing the complexity of power allocation to quite an extent.
The relatively simple method of nulling the adjacent subcarriers
power is also effective, but at the cost of reduced spectral
efficiency [14].

Motivated from the nulling technique, the power distribution
strategy proposed here is capable of minimum sacrifice of spectral
efficiency. It adopts controlled deactivation of the subcarriers
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adjacent to the PU band. In our algorithm, after the sum and
sub-channel power constraints have been met, in the last step,
instead of allocating zero power to n adjacent subcarriers, the
power in these subcarriers are reallocated until interference power
constraint is strictly satisfied. Hence, a different water level is
achieved for the ‘m-adjacent’ subcarriers. Starting from n=1, the
algorithm increments the value of n, redistributing the power till
the desired interference constraint is met. This ensures minimum
loss of spectral efficiency and maximum opportunity for ‘good’
quality adjacent subcarriers to take part in transmission. The main
contribution of the paper is the new heuristics based ‘n-adjacent
power redistribution algorithm capable of meeting low PU
interference tolerances with high SU sum capacity for a wide
range of total power budget. The step-ladder and nulling method
does not guarantee the fulfilment of interference constraint beyond
a certain level of power budget. Moreover, for the suboptimal
method of [13], it may so happen that none of the constraints are
met strictly unless scaling is performed as in [11], to compensate
for the loss of transmission capacity. Further, the impact of quality
of channel gains (of the adjacent subcarriers) on the power control
strategies has not been considered in any of the related works. The
nulling method tends to lose out in capacity when channel gains
for the adjacent subcarriers are excellent. The proposed strategy
here coined as ‘n-adjacent’ is capable of addressing these issues.
By selecting a minimum number of adjacent subcarriers and
determining a different water level for the adjacent group, the
interference constraint is strictly met, at the same time a high level
of capacity is achieved.

The remainder of this paper is outlined as follows: in Section 2
system model and problem formulation has been discussed. The
proposed power loading scheme for SU sum capacity
maximisation described in Section 3. Comparative performance
evaluation of proposed power allocation schemes and existing
power loading schemes such as scaling, step-ladder, nulling and
other strategies are analysed in Section 4. Finally Section 5
concludes the paper.
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Fig. 1 Cognitive radio system model

a Spatial domain
b Frequency domain
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2 System model and problem formulation
2.1 System model

A commonly used OFDM based CR system model in both space and
frequency domain is depicted in Fig. 1 as in [9, 11]. Depending on
geographical location of PU, two types of spectrum access schemes
have been considered: underlay and interweave. For PU; assumed
to be geographically located far away from SU, accurate
information of signal of PU, is not available and underlay access
for secondary communication can be set up through an interference
constraint maintaining a specific signal-to-interference-noise ratio
quality of service at PU receivers. The interference limit policy and
geo-location spectrum occupancy database of all such licensed
bands is usually available to SUs. In general, if a SU transmitter is
able to detect primary receivers within a distance say d*, then its
transmission power must be confined below or equal to P™(d®))’,
where P™ is the prescribed maximum interference power level
allowed by the primary system, and S is the path loss exponent. In
absence of cooperation from PU, the direct detection of primary
receivers is difficult and is instead approached by detecting primary
transmitters. Let d‘® denotes the distance between SU transmitter
and PU transmitters as shown in Fig 1. If R is the transmission range
of the primary transmitters, i.e., the primary receivers are located
within a distance of R from it, then d®, the minimum distance
between SU transmitter and PU receiver will be d*”=d® — R. For
every such PU, R; and Pj’-x, respectively denotes the radius of the
protection area and the corresponding power limit to be maintained
at the boundary of this area. Therefore, for underlay scheme, P;C,
the total power of jth sub-channel constraint should be

P¥ & PYdE — R (1)

For all unheard PU transmitters and in absence of their location
information, d® is set as the radius of the SU reliable sensing
region as also used in [9]. The sensing radius depends upon the
detection sensitivity of the sensing algorithm used by the spectrum
detector and the extent of cooperative sensing. Thus SU underlay
PU, with both transmitting concurrently in the same band.

For PU, assumed to be geographically co-located with SU,
following an interweave approach, coexistence is assumed in
frequency bands adjacent to each other. PU activities are
well-detected and information of PU signal as well as spectral
holes is available to the SU. In this scheme, before transmission, if
a PU signal is detected in a sub-channel then SU allocates ‘zero’
power to that sub-channel, ie. P, the total power of jth
sub-channel constraint as P;° = 0. The spectral distance between
the SU subcarriers and the PU band is significant and the SU
transmission needs to be highly flexible in term of the spectral
shape of transmit signal for efficient and opportunistic use of
spectrum [19]. The typical spectrum arrangement is as shown in
Fig. 1b where By, B, Bs, ..., By, denote the M numbers of PU
occupied bands. N numbers of subcarriers are grouped into L
sub-channels corresponding to the unoccupied bands of PUs. The
interval of every subcarrier in the SU band is Af. Averaging the
frequency bins in the FFT stages of the OFDM based CR receiver
can easily implement energy detection based sensing. Knowledge
of PU spectral occupancy in the sub-channels can thus be sensed
without any additional hardware [5]. The PU’s activity is assumed
to be uncorrelated.

If P; is the power allocated to ith subcarrier then the achievable
rate r; for ideal modulation and coding scheme is given by [19]

Af 1 (1 + 7|Gf§|2p" ) )
Ty = 08, M

o+
where, G}’ is the estimated channel gain between SU transmitter to
its corresponding receiver of ith subcarrier, o> is additive white
Gaussian noise (AWGN) and # is the interference introduced by
signals from the jth PU’s band to the ith subcarrier in the SU user
band. In general, it is given as [10, 12]
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[E{I"(w)}]dw 3)
di—Af/2

where, GP} is the channel gain between mth PU transmitter and SU
receiver, d;,, is spectral distance between ith OFDM subcarrier and
mth PU band. The PU signal is usually denoted as some specific
random process, whose power density spectrum after FFT
processing in the OFDM receiver, E{/""(»)} has to be known to
get the interference factor accurately. w is the frequency normalised
to the sampling frequency. For the purpose of algorithm
development, J/ has been approximated as AWGN, the assumption
being valid under the existence of a large number of PUs [12].

2.2 Problem formulation

2.2.1 Power constraints: The two power constraints considered
in the optimisation are (i) total power constraint of the OFDM block
to be used by the SU and (ii) individual sub-channel power constraint
for each of the L sub-channels. Py, the total SU transmitter power
constraint is expressed as

N
> P <Py @)
i=1

Due to the existence of the first type of PUs as expressed through (1)
and for giving protection to the undetected PUs, SU subcarriers in a
given sub-channel must use suitable transmission powers such that
the total power in a sub-channel is below the threshold power
level P}°. If §; is the sum power allotted to sub-channel j, then to
avoid 1nterference to PU; we must maintain

S, <PF ViE{lL2 ..., L) )

where S; = 3, (4, P+ As there are L numbers of sub-channels
spannmg the N subcarriers, it follows that
Y =15 =YV P <P,y The term ¢(i)=; implies the ith
subcarrier belongs to sub-channel ;.

2.2.2 Interference constraints: There are two major mutual
interference factors in any OFDM based CR when the PU and SU
are coexisting on adjacent sub-bands: (i) the interference
introduced by the PU band on the SU subcarriers as considered by
(3) and (ii) the sum interference introduced by SU subcarriers to
the PU. In general, the second type of interference can be
addressed by different signal-processing techniques minimising
power leakage in the side lobes. For mathematical optimisation
therefore, we need to consider the term/", denoting interference
introduced by the ith subcarrier of the SU on the mth PU
sub-channel as considered in all related works [9, 12].

din+By /2

[sinc(f T,) ] df (©6)

1= |oze, |
i =By /2

where G,’ is the channel gain between SU transmitter and

mth  PU receiver, 7y is the symbol duration and B,

denotes occupied bandwidth of mth PU band. Defining

=T, fd +§ Z [sinc(f TS)]zdf the factor can be written in

compact form as " = k!"P;|G)} ? The k" factors physically
represent the association of each individual sub-carrier in terms of
their spectral distance from the PU bands. The subcarriers which
are immediately adjacent to PU band will have higher k" values
and causes higher amount of interference. The aggregate
interference on the primary system consisting of M PU bands,
subjected by the N subcarriers will thus have to be restricted to /Iy,
an interference threshold so that Y% S°M ™ <,

As adopted by [13], the primary system mterference presented
from all the SU subcarriers to all the M PU sub-channels are
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specified by the following probabilistic interference constraint [13]

N M
Pr(Z Yo < Im) > P, (7)

i=1 m=1

This can be alternately expressed as

Pr<ZZ|G*P| K'P; <4h) > P, (8)
i=1 m

Here, Pr denotes probability and P, is the minimum probability of
the aggregate interference being maintained below Iy, For
Rayleigh distributed amplitude gain, the distribution of |GSP|
corresponds to an exponential distribution of mean A,
Considering A=A, =" =)A= A, (8) is approximated as

1 —ex — >P 9
p<2)\2 Zz— Zm 1 klmPl> ! ( )
If

; hy

S N (—In(I = Py) (10)

Then, (9) can be expressed as
N

D Pk <l (1n)
i=1

where, K, =Y k" Therefore, (11) incorporates the PU
interference constraint to be used in the optimisation function,

which may now be expressed in totality as

S8 2
R= maxZAflog2<1 +&) (12)

P o+ 0]
subject to:
P, >0 Vie({l,2, ...,N} (13)
S, <PF vie({l,2, ..., L} 14

L N
8= P <Py (15)

j=1 i=1
N

D PK <l (16)
i=1

The power allocation problem considered here assumes the prior
knowledge of: Py, PSC, I and K; factor of each subcarrier.
Throughout thls paper we have malnly focused on the situation
that Py, < Z P, For Py > Z i1 P}°, the power allocation
problem is modlﬁed to a problem Wlth two constraints: each
sub-channel power constraint (14) and interference power
constraint (16). The total power constraint ceases to be significant
in the optimisation procedure.

3 Proposed power loading scheme

We propose here a suboptimal algorithm to maximise capacity (12)
under the constraints (13)—(16), outlined in four steps, out of which
the first two steps are same as approached in most of the works [9,
11]. Step III and step IV represent the implementation of the new
‘n-adjacent’ strategy for meeting the interference constraint. The
performance of the proposed strategy is compared with some
similar heuristic suboptimal schemes discussed in the above
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mentioned works such as step-ladder, scaling and nulling approaches
which are capable of reducing the complexity of the allocation
problem. In step ladder approach gradually increasing powers are
assigned to subcarriers farther from the PU bands. In the scaling
method, the subcarrier powers are scaled down by a factor to
compensate the overshoot of PU interference. The nulling strategy
of assigning zero power to adjacent subcarriers is excellent for
maintaining interference limit, however it imposes capacity loss to
the SU system. The basic objective in all these schemes is to allot
more power to the subcarriers which are spectrally distant from the
PU bands.

3.1 Step I: Fulfilment of total power constraint

Power is allocated to each subcarrier using traditional water-filling
under total power constraint. The power of each subcarrier is
determined as:

1
PV :max{O, ——h;l} viel,2,...,N} (17)
o

where - denoted as #4; is the effective carrier to noise ratio

2”1 ]
(CNR), o is the Lagrange constant and (1/e) is the water level
calculated from

Zmax{o ——h; } Pioal (18)

Pl(l), Vie {1,2, ..., N} is passed to the next step.

3.2 Step lI: Fulfilment of each sub-channel power
constraint

Now, based on P;D, vie {1,2,...,N}, the L number of
sub-channels are divided in two sets X and ¥ such that if S; < P;C,
then j € X and if S; > P;°, then j € Y. For empty Y, P = PY and
is passed to step III. Otherwise, water-filling algorithm is executed
for each sub-channel of set Y with power budget equal to per
sub-channel power constraint P;° to get |¥] number of different
water levels for set Y. The powers of subcarrier belongs to set X is
also redistributed using (17) with a new power budget of
Pow — 2 jey ;- The modified power vector of each

subcarrierPf-H), Vie {1,2, ..., N} is passed to the next step.

3.3 Step lll: Selection of n-adjacent group of subcarriers
for power redistribution

Based on PO vie (1,2, ...,N}, it YN PMK <I; then
P ) vie {1, 2 , N} is set as the final power allocation vector.
Otherw1se dependlng upon the interference tolerance level I, the
next strategy is to judiciously redistribute power only for those
subcarriers which are adjacent to the PU bands. The subcarriers
which are far away from the PU band usually do not contribute
significant interference to PU. We introduce a term here,
‘n-adjacent’ to denote the n number of subcarriers adjacent to a
PU band. Thus ‘I-adjacent will mean the single subcarrier
existing on both side of each PU spectrum. Similarly, if the
powers of two consecutive subcarriers on either side of each PU
spectrum need to be modified to meet the interference constraint,
we refer the case as ‘2-adjacent’, and so on. The following two
sub-steps can be used to select the minimum value of #» and we
start with n=1.

2036

(1) Ifar, the aggregate interference from the subcarriers that are not
‘n-adjacent’ to the PU bands is computed

N
Iy = ZP,(-H)K,- i # n-adjacent (19)

i=1

(ii) An interference decision variable Iy. = Iotr — Iar, is introduced to
check if /3. > 0: If Iy, <0, n is incremented by one, and the above two
sub-steps are repeated till ;. > 0.

In this paper the simulation results reported have been restricted to
3-adjacent cases having considered a small subset of subcarriers.
Although for relatively lower values of I there is a need to
consider higher values of ‘n’ in practical OFDM based CR systems.
The powers of the non-n adjacent subcarriers are kept unchanged
and ‘n adjacent’ subcarriers power are modified in next step.

3.4 Step IV: Power reallocation algorithm for the
‘n-adjacent’ group of subcarriers

The idea here is to treat the adjacent group of non-contiguous
subcarriers as a separate sub-channel for which the effective
interference threshold is /4. and the reallocation strives to make

Nu
D KPP =1y (20)
j=1

where N,=n(2M —1) is the number of subcarriers in the
‘n-adjacent’ group arranged n an ascending order with respect to
their inverse CNR, i.e. h 1 forany jel, 2, 3, N,—1
and K; and P; are respectlvefy their interference factors and
subcarrler powers. Our approach aims towards selective nulling or
assigning of low powers to poor quality subcarriers. We would
like to determine an optimal water-level W, for the adjacent group
of subcarriers such that the constraint (20) is strictly satisfied. The
subcarrier with highest CNR, that is, SC, (Fig. 2) is 1n1t1a11y
allocated power P; corresponding to a water level of h2 This
implies that P,=0, for j=2, 3, 4, ..., N,, ie., zero power is
assigned to the rest of the subcarriers of the n- adjacent group.
There are now two possibilities for the value of K;P;.

3.4.1 Case I: K;P1> l,.: This case implies that water-level has to
be decreased below /5 and power allocated to SC, is modified as
Pr=(la/K1).

h-l
M/
7 ( N
| L
w=h|
1l Rt
Sl sC, 5@ ST,

Fig. 2 Power distribution for the ‘n-adjacent’ group
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3.4.2 Case IlI: K;P;<lg.: This case implies that more number of
subcarrier can now be allowed to take part in transmission. Hence
water level has to be increased to h3 and power P, and P, are
allocated respectively to SC; and SC, corresponding to this new
water level.

If K1 Py + K, P, is still less than I, water-level is increased to h;l
and so on. This procedure is repeated till the sum interference term of
(20) just exceeds /4. or all the N, subcarriers have been considered. If
a water-level corresponding to the inverse CNR of say, the mth
subcarrier causes the sum interference term of (20) to just exceed
14, then finite amounts of power can be allocated to N, = (m -1
number of subcarriers for a water level that lies between h and
hf 1 If the sum interference term is still less than /4. after havmg
c0n51dered a water-level of hN , then the water level can be
selected above hN and corresponding powers can be allocated to
N, =N, numbers of subcarriers.

Let Py, denote the power allocated corresponding to the water
level w= hN for m=1, 2, N, and ZN K, P, be the
corresponding interference. Then from Fig. 2, addltlonal equal
powers P,,, can be distributed among the N, number of subcarriers

so as to bridge the residual interference /. = Iy, — Zm 1 K Pis if
any. Thus
Ly 1,2,3 N, @2n
zsza m=1,2,5, ..., x
Zm':l Km

P;dj, the total allocated power for the N, number of subcarriers in the
‘n-adjacent’ group will thus finally be

Pad] le+P2m=
m=1,2,3, ..., N

X

(22)
=123 ...,N

X

The optimum water level, W, of the ‘n-adjacent’ group is obtained
. adj . . -1 P

by nddlng P~ to its correspondmg b, (=1, 2‘, v NY). Once
Wy is known, we can easily find the power of adjacent subcarrier
PEHD where ‘i’ is ‘n-adjacent’ subcarriers according to its original
position.

For maintaining the overall sub-channel power constraint (14), the
final power P{ for the ‘n-adjacent’ group will be

P! = min{Pl(-m), PEH)} i = n-adjacent subcarriers  (23)

After step-11, (]Y] + 1) numbers of water-levels are capable of meeting
the L sub-channel power constraints and hence finally there will be
maximum (|Y] +2) number of water levels including the optimum
water level W, selected as above. For instance, in Fig. 3,
subcarriers 1, 6 and 7 are ‘I-adjacent’ to the PU bands and the
two sub-channels have different water levels, say W, and W, after
step 1. Water level of ‘I-adjacent’ subcarrier is reduced to W, for
fulfilling interference constraint. Hence, three water levels are used
here in the final power allocation to satisfy all the constraints and
achieving maximum spectral efficiency.

[] Applied power
I Inverse CNR

W,

1 2 3 4 5 6 7 8 9 10 1112

Sub-channel-1 Sub-channel-2

Fig. 3 Different water-levels for the adjacent and non-adjacent subcarriers
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Table 1 Complexity comparison of different algorithms

Different algorithms Complexity

O(NL) + O(n) + O(N,)
O(LN) + O(Nlog (N))

‘n-adjacent’ method
suboptimal method

scaling method O(NL)
step-ladder method O(NL)
one-nulling method o)

Itis to be noted that for W, < Wgﬂ, interference constraint and for
Wy > Wmm, at least one sub channel power constraint is satisfied
strlctly where n be the minimum water level after step II
among (|Y|+1) dlfferent water-level. Both the total power and
sub-channel power constraints are met strictly if the algorithm
ends at step-11.

In our system model, N numbers of available subcarriers are
grouped into L sub-channels. In the worst case scenario, step-1I
can be solved in O(N) and there would be maximum of L
iterations. Hence the complexity of step II is order of O(NL). The
complexity of step III wherein the minimum value of # selected is
O(n) while step IV allocating power to N, number of subcarriers
in the selected ‘n-adjacent’ group is solvable in O(N,). As n<
N, < N and step-II has the highest complexity among all the steps,
worst case complexity of the algorithm is O(NVL). It is almost same
as some of the reported methods as shown in Table 1. The one
nulling method although has the lowest complexity suffers from
very poor spectral efficiency.

4 Performance evaluation

The performance of the proposed algorithm has been validated and
compared with some of the identified methods in literature such as
the scaling, step-ladder and nulling schemes.

4.1 Scaling, step-ladder and nulling schemes

The scaling method as discussed in [11] scales down the subcarrier
powers until interference constraint is met strictly as per the
following

LgP(t — 1)

Pt
O =T KkA®

24)

where, P*(t) and P°(t—1) are the subcarriers power of tth and
(t— 1)th iteration respectively.

The step ladder scheme considered in [11, 12] satisfies the
interference constraint by assigning higher power to the subcarriers
which are far from the PU bands, that is, in inverse proportlon to
their respective K; factors. The redistributed step-ladder power, P is

P
P?l:f‘,

i

Vi < N, iVj 25)

where, Py is the allocated power obtained after step II of meeting
each sub-channel power constraint, i.e.,

P = Z Pl(n)
i st.gli)=j i s.tgli)=j
Another suboptimal algorithm discussed in [13] is also based on the
K; factors dependent mainly on the spectral distances between SU
subcarriers and PU band. This scheme distributes the power P} as

P = i
" 2KNN(~In(1 - P,)

(=12 ...,N)  (26)
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The final power for ith subcarrier P;° is allocated as
PP = min{P}, PV} Vi 27)

Unlike ‘n-adjacent’ method, this suboptimal method needs scaling
of power until one constraint satisfies strictly. The nulling
mechanism of allocating zero power to the ‘n-adjacent’ subcarriers
is perhaps the simplest method of restricting interference to the PU
bands. However, it is at the cost of loss of sum rate capacity for
the secondary user and sacrificing transmission opportunity for the
adjacent subcarriers which may have excellent channel gain at
their frequencies. In the current work, the performance of the
proposed algorithm has been compared with the case of
one-nulling method that assigns zero power to a single adjacent
carrier on either side of the PU band.

4.2 Simulation parameters

We consider a simple OFDM based CR system for the SU accessing
two opportunistic sub-channels each with six available subcarriers.
The distribution of spectrum between the collocated PU and SU is
as shown in Fig. 3. Sub-channel 1 comprises of the group of
subcarriers from 1 to 6 while 7 to 12 comprise sub-channel 2. The
channel is assumed to be Rayleigh faded with average channel
power gain of 1. Numerical simulations have been performed with
parameters N=12, P,=0.95, [,=1x 1076 watt, A=0.15, P =
5x107° watt, P{¥=1x10"" watt, P =4 x 107> watt, 0°=
1.5x107% Af=0.125 MHz, K,;=0.45, K,=035, K3=0.3, K,=
045, K5 = 06, K6 = 07, K7 = 085, Kg = 075, Kg = 065, K10 = 04,
K;1=02 K;5=0.1, J! =6 x 10° watts and J7 =6.5x107°
watts. The results of capacity and PU interferences are obtained
after averaging over 100, 000 independent simulation runs.

4.3 Simulation results and analysis

Fig. 4 shows the average achievable system capacity with respect to
total power budget that is obtained for the proposed algorithm in
comparison with the suboptimal, step-ladder, scaling and the one
nulling methods for a fixed value of /. The suboptimal method
referred here is the one proposed in [13] and it has been used
without scaling. For lower power budget (approximately below
1x107° watt) all the methods (except suboptimal and nulling
mechanism) are almost equally efficient in terms of SU sum
capacity, as interference constraint is easily satisfied. Beyond a
certain level of power budget, the maximum SU sum capacity
tends to saturate as interference constraint dominantly restricts the
allocation of higher powers to all the individual subcarriers.
Notably, the proposed algorithm is better than the suboptimal
method and scaling techniques. The higher capacity outputs
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25 T T T T "
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2 -
z !
=X
g 1} —#— Step-ladder
S —&— One-nulling
—— Proposed method
Scaling
_ —+— Sub-optimal
| 2 3 4 5
P ot [0 watt] x10°

Fig. 4 Relation between system capacity verses power budget for proposed
algorithm and different power allocation algorithm (I, =1 x 107° watt)
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Fig. 5 Introduced interference by proposed algorithm and different power
allocation algorithm with respect to total power budget (I, =1 x 107 watt)

obtained for the step-ladder and nulling method in the higher
power budget regions are actually not useful in the CR system as
the corresponding interference presented to the PU by the SU
subcarriers actually exceed the maximum allowable limits.

This is clear from Fig. 5 comparing all the methods in terms of the
average interference introduced to PU by SU for the same range of
power budget and I,. For instance, in Fig. 4, capacity output for
the step-ladder method starts increasing beyond a power budget of
around 2x107° watt but in Fig. 5, it starts violating the
interference constraint near about that value of total power. The
strength of the proposed algorithm in maintaining the interference
constraint even for high total power budget is clearly established.
The scaling method is also equally effective in meeting the
interference constraint as the proposed one, but the average sum
capacity of the latter is slightly more.

The SU to PU interference however, must be dependent on /y,, the
PU tolerance limit of the SU sub-channels and Fig. 6 gives a good
measure of the strong impact of this single factor on the SU sum
interference. It is observed that our proposed ‘n-adjacent
algorithm, when executed for a fixed value of Zy, (1 x 107" watt),
is capable of determining a maximum value of total power budget
that can maintain the PU interference constraint. Beyond this value
as shown by P, in Fig. 6, the power allocation is modified by
step 3 to increase the value of n. For example 2-adjacent is unable
to meet [, =1x10"° watt beyond P =2.75% 107> watt, but
adopting 3-adjacent based allocation solves the problem. This is
an additional benefit of our proposed algorithm that without
compromising on capacity, interference constraints can be met
strictly for even high levels of power budget.

X 10°
7| —— 2-Adjacent, 1,,=2¢-6

0 = %e-
Icﬁ' for Ith 2e-6

—e— 2-Adjacent, [Ih=lc-6
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—g— 3-Adjacent, llh=Se—?

Interference Introduced to PU [in watt]

| [in watt] X 10'5

Pluln

Fig. 6 Relation between total power and interference introduced to PU for
different interference threshold
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The SU sum capacity and interference performances of our
proposed algorithm are almost same as the scaling method for
generalised Monte Carlo simulations run for Rayleigh faded
channels of unit average power. However, when the ‘channel
quality’ of the SU subcarriers adjacent to the PU band are taken
into consideration, the benefit of considering the proposed
‘n-adjacent’ method is clearly established as depicted through
Figs. 7 and 8. Two cases have been considered: (i) Good adjacent:
when the subcarriers of the ‘n-adjacent’ group are having higher
channel gains as compared with the non-adjacent ones. (ii) Bad
adjacent: when the subcarriers of the ‘n-adjacent’ group are
having relatively poorer channel gains as compared with the
non-adjacent ones. Fig. 7 shows how the two methods (proposed
and scaling) fare in terms of capacity and interference for a
particular value of Iy, =2 x 107® watt, under these two cases. The
following observations are noted in reference to Figs. 7a and b:

(i) The overall capacity is more influenced by the quality of
non-adjacent subcarriers. For both the methods, the achievable SU
capacity is thus seen to be much less for the ‘good adjacent’ case
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as compared with the ‘bad adjacent’ one. This is because, in the
‘bad adjacent’ case, the non-adjacent subcarriers having higher
gains and low values of K; are all allocated high values of power.
The adjacent subcarriers, on the other hand, with poor gains and
high Kfactors have zero or low values of allotted power.

(i) The SU sum interference is more influenced by the quality of
adjacent subcarriers. For both the scaling and ‘n-adjacent
methods, the interference is much less when the adjacent
subcarriers are ‘bad’, as this usually leads to assignment of
relatively lower values of power and vice versa.

(i) The proposed method shows significant improvement of
capacity as well as reduction of total PU interference in
comparison with the scaling method for both the ‘good adjacent
and ‘bad adjacent’ cases.

The magnitude of capacity improvement and PU interference
reduction as compared with the °‘scaling’ method has been
computed by taking their respective differences and the
corresponding measures shown through Figs. 8¢ and b. Two
noteworthy observations here are:
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Fig. 8 The magnitude of performance enhancement of proposed method over scaling for both the ‘good’ and ‘bad’ adjacent subcarriers in terms of

a Capacity improvement and
b Interference reduction
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(1) The capacity improvement and PU interference reduction of the
proposed method over the scaling method is significantly higher for
the good adjacent case in comparison with the ‘bad adjacent’ case
for a certain range of total power budget. For example, in Fig. 8a,
between a total power budget of 3.5 x 10 watt to 4.5 x 107> watt,
the use of the ‘m-adjacent’ algorithm improve the capacity
approximately 1.5 times if the channel gains are relatively higher
for adjacent subcarriers bands. On the interference front too, a
similar trend is observed.

(ii) The total power budget values for which maximum
improvement in capacity and reduction in interference takes place
are not same. This implies that the analysis for the entire power
range will be extremely useful in deciding the most optimal value
of total power budget that should be used. Dynamic channel state
information (CSI) is usually available through channel estimation
techniques applied over successive OFDM frames and depending
on the ‘quality’ of the adjacent subcarriers, power allocation may
also be changed suitably.

5 Conclusion

In this paper we introduce a new heuristic sub optimal power
allocation algorithm for interference free coexistence of OFDM
based CR users sharing spectrum is a joint interweave and
underlay fashion. Termed as ‘n-adjacent’, the strategy determines
a minimum number of adjacent subcarriers near the PU band
whose power is judiciously assigned with a water-level that is
mostly different from the non-adjacent subcarriers of the same
sub-channel. Numerical simulation results show that the proposed
‘n-adjacent’ power reallocation based water-filling in OFDM can
efficiently maintain high SU sum capacity without exceeding a
specified PU interference tolerance limit for a wide range of total
power budget. The capacity and interference metrics of the
proposed algorithm are shown to be better when compared with
the suboptimal method of [13], one nulling, and step-ladder
method. The complexity is almost same as these methods. When
the variation of channel gain over all the subcarriers is not very
high, then the performance of the proposed method in meeting the
interference constraint is almost same as that of the scaling
approach of [11], although capacity wise, our method is slightly
better. However, when the channel qualities of subcarriers adjacent
to PU bands are either ‘good’ or ‘bad’ in comparison with the
non-adjacent ones, the additional benefits of the ‘n-adjacent
algorithm is clearly established over the scaling method in terms
of increased SU capacity and reduced PU interference. By the use
of higher values of ‘n’, the ‘n-adjacent’ algorithm also enables CR
users to share spectrum with PU at low interference tolerance
levels, without having to sacrifice their own capacity. The simple
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power loading algorithm proposed here is quite efficient as a
powerful application for OFDM based CR systems. The impact of
actual K; interference factors tested for standard OFDM system
model and analysis related to the imperfect CSI is currently a part
of ongoing work.
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