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Abstract— Heterogeneous systems merging a different wireless networks to provide a maximum system capacity and to improve
spectrum efficiency. In the Heterogeneous systems the problem of Resources Allocation (RA) and interference management
considered as important challenges to maximize a total system capacity. An Orthogonal Frequency Division Multiplexing (OFDM)
cognitive radio network is proposed in this paper to a group of small cells assisted by amplify and forward AF two-way relays, with
perfect sensing. The RA and relay selection proposed in this paper as a formulation problem, to maximize the total transmission rate
for small cell networks within one macro cell. The genetic algorithm GA used as optimization technique to solve this optimization
problem. The results showed the ability of this algorithm to effectively determine the frequency and power values that distributed
over 256 levels. To solve the problem of cross-tier interference from macro cell base station to small cell users, a theoretical analysis
has been performed to calculate it and which included in calculation the total capacity according to Shannon's theory. All equations
have been derived and theoretically calculated in this paper, in addition to getting higher transmission rate.

Keywords— Heterogeneous Networks; cognitive small cell; two-way AF relay; power allocation; subcarrier allocation; relay selection

matrix; genetic algorithm.

I. INTRODUCTION

According to the increasing demand for spectrum band due
to the development of communication technology the
capacity improving, radio resources allocation and
interference  management are considered the most
important challenges for this development. Heterogeneous
Networks (HetNet) consist of different wireless networks it
is promising to improve the total capacity, increasing the
coverage area and enhance the spectrum efficiency. HetNet
typically consist of one macro cell with large radius and a
high transmission power that included small cells with
small radius and low transmission power [1], [2]. From the
concept of cognitive radio networks, allow a group of small
cells to use the license spectrum owned by macro cell, with
a dynamic spectrum access by spectrum sensing technique
with hierarchical access model that preventing small cells
to harmful interference the macro cell under interference
threshold constraints, this is the simplest definition of
heterogeneous networks [3]. To increase the coverage area
between small cells and to help small cell users SUs
communicate with each other it is possible to propose the
addition relay technique to small cells within the macro cell

[4-6]. Due to the advantages of subcarrier allocation and to
limited the inter-carrier interference from orthogonal

subcarriers, OFDM proposed as modulation technique
based on cognitive small cells assisted by relay nodes in
HetNet [7]. In the related work for small cells (femto cell,
micro cell, pico cell, ...) with macrocell heterogeneous
network. The proposed heterogeneous model in [8]
downlink transmission, using an OFDMA as a multiple
access technique to limit the cross-tier and allocate a group
of sub channels to different users, same idea of cognitive
radio, dual decomposition method used for power
allocation and sub channels allocation. A new dynamic
spectrum allocation method proposed in [9] for hybrid
cognitive femto cell, they used dual decomposition method
to maximize the total downlink transmission rate and
solved the problems of power allocation and sub channel
allocation. In [10] the optimal power allocated solved by
using a Lagrange method they proposed a MIMO femto
cell with MIMO pico cell using the same frequency band
with macro cell. In [11] two activities problems the power
and sub channel allocation solved by using a game theory
to maximize the uplink transmission rate between a macro
cell and multiple femto cells under the two-tier interference
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engineering, and their related and subfields.

and delay for femto cell users. For power allocation
problem in [12] solved by using Proportional-Integral (PI)
controller (feedback closed loop) for OFDM femto cell
with two-tiers.

In this paper, the resources allocation (power allocation
and subcarrier allocation) are proposed for cognitive-based
small cells and AF two-way relay nodes, under the
maximum transmission power constraint for the small cell
users, and the interference power (from small cells to

macro cell) constraint; and the cross-tier interference (from
macro cell base station to small cell users) are
simultaneously considered. The objective function is to
maximization the total OFDM-transmission rate between
the small cell users assisted by AF two-way relay nodes.

Il. SYSTEM MODEL

In this paper, a multiple small cells are deployment,
where cognitive HetNet is considered and consist of one
macro cell, multiple-small cells and multiple-relay nodes.

Macro cell is defined as (primary network) and small cells
with relay nodes are defined as (secondary networks). The
set of relay nodes is defined as K={1,..., k,...K} and the
set of small cell users is defined as § = { SU1, SU2 ,...,
SUn } with the notice that (n: represents total number of
small cells). The total licensed frequency band used by
primary network (macro cell) can be divided into smaller
parts or a specific numbers of sub-carriers that are equal to
N subcarriers, the set of subcarriers denoted as
N={1,2,....n,...,N}. The set of subcarriers occupied by
primary network and defined as N, = {I,..., L,..., L},
small cell users perfectly sensing the spectrum band and
detecting the unused subcarriers, and with underlay
spectrum access way. The small cell users and relay nodes
are accessing the spectrum and allocating the vacant
subcarriers defined as Ng = {l,..., m,..., M}. OFDM
technique is adopted for the transmission mechanism for
the macro cell, small cells and relay nodes. Figure 1 shows
in general the overall proposed system model.

The implemented system shown in Fig. 2, consist of one
macro cell (primary network) with one macro cell base
station (MBS) and one macro cell user pair (sender MU-s
and destination MU-d). It also consist of two small cells
base station (SBS1) and (SBS2).

Each small cell has one small cell user, SU; and SU,, to
communicate with each other through two relay nodes R1
and R2 in two-way protocol and half-duplex mode to
exchange the messages between the SUs.
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Fig.2: Implemented model

The total spectrum band is divided into 6 subcarriers N=
{1, 2, 3, 4, 5, 6}; two subcarriers are occupied by macro
cell users N, = {1, 2}, and the other unused subcarriers are
used by secondary network N, = {3, 4, 5, 6}, (where these
numbers represent the indicator of subcarriers). All system
definitions listed in the Table-I.

TABLE-I: SYSTEM DEFINITIONS

A two dimensions matrix represent location of <i, j> pairs,
A=1if <i for MA> and <j for BC>
B three dimension matrix represent the subcarrier pairs

allocated to K relay

.4 Identify the number of relay nodes {1,....k,...,.K}

N Total Bandwidth divided into N subcarrier

N, no. of subcarrier used by macro cell (primary) user N,, €
N
Ny={1,....I,...L}

Ny no. of subcarrier used by small cell (secondary) network

Ny e N, Ny={1,....m,.. M}

i subcarrier for MA phase from (SUs) to Relays, i€ N;

j subcarrier for BC phase from relays to (SUs) , j € N

Xgi Represent the symbols transmitted by SUs on sub-carrier
i

Dsi Power allocation to small cell users when sending to k"
relay in MA phase.

h,r; Represent the channel-gains when small cell users
sending to k" relay in MA phase
hr,, Represent the channel-gains from k-relay to small cell

users in BC phase
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A. Rate analysis for Secondary Network

To analyse the rate of secondary networks with the AF
two-way relays, it takes two phases to exchange the signals
between the SUs. The transmission through relays divided
into two phases to complete the total transmission: the SUs
transmit simultaneously to the selected relay in MA phase
on subcarrier i, then the selected relay amplifies the
received signal with amplification factor (A4f) and
broadcasts it to SUs in broadcast phase (BC) on subcarrier j
[13].

1. Multi Access (MA) phase: the SUs users transmit
signals in the same time to the k-relay on the allocated sub-
carrier (i). The signal received at the k" relay is [13]:

Vi = \Pri hami x1; + \p2i hati %2 + 0f + 2 )

Where 6F is a thermal noise power of AWGN at the
relay k which caused by SUs on sub-carrier i, and it is same
in all receivers (assuming the mean equals to zero p=0 and
the variance o= 0.01) which are defined as (u, g2), then

0%* = 52. And Z¥ Cross-tier interference from MBS with
each signal transmits from SUs to k% relay in MA on
subcarrier i.

Assuming the total noise power from SUs to relay
nodes is denoted by a symbol nrf, and calculated in

eq.(2)is given by.
nrk = o2 + 2} 2)

2. Broad Cast (BC) phase: the k%" relay then amplifies
the received signal with amplification factor A5 [13], [15]
and forwards this signal on the subcarrier j, assuming the
expectation operator of E[|xy;|2] =1, E[|xy]?] = 1 is
denoted by E[.] [14].

1

2
\/l’u‘ |R17k 1% +pai lhoTi 12 + ("Tik)

The received signal at SU;, SU, from k" relay
(broadcast signal) [13], [15] on subcarrier j denoted: y,;,
Y2 » respectively.

Vij = Aporj hrye i+ 6F + Zf 4)

Inter-user Interference Signal
Vi = Af\/prj hryy \/pli hirex; +
A¢/Prj hrg \/pai oty Xpi + Ag,/pyj hry nrf€ +

nf )

—

Noise

Vaj = Ap[Drj hr yE + 9jk + ij (6)
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Signal -
Y2j = ApyPrj Mok y Pui haTi X +

A [Drj Wrop \[D2i oty X1 + Ap [Py by nrf + 055 (7)

—Inter- use Interference Najse

Where, Z{; and ZJ; are the cross-tier noises assumed in
this paper , from MBS with each signal broadcasted from
kt" relay to SUj;, SU,, respectively in BC phase on
subcarrier j, on the assumption that the total noise signal
assumed at SU; is denoted by nf; and SU, denoted by n;,
and can be calculated in (8) and (9) , respectively:

nf; = 0% + 2§ (8)

ns; = 0%+ 2§ 9)

With perfect channel state information that leads to the
inter-user interference part in (5) and (7) which can be
eliminated using channel estimation [14], [15], then the
signal to cross-tier interference plus noise ratio ( SINR) can
be calculated as:

SINRl = Af2 ij |hr1k|2 D2i |h2rk |2 (10)

2 2
Afzprjlhrlkl2 nrik + nll‘j

2
_ AfPpyj Ihrggl? pyg [hary |
= Z
k
2j

SINR,

11
Ap?pyj |hrol? nrl-k2+n (1)
By dividing (10) by (4/2nrfn¥"), (11) by
(Afznri"zn’z‘j2 ), and substituting this equation:
1 2
A_fz = DP1i |h1Tk |2 + D2i |h2Tk |2 + (nrik) , the result

equal to:
2
AL ,|h7"1k|2 ] |h,7 |2
A 2 pr] k 2 21 7k2
f 1j nri
SINR, = . > —
AL ,|hT1k|2 nrik Nyj
Afz rj n,sz TlTL-kZ Af2 n,sznrikz
_ P.j HRy Py HyRy
p1i lhic 12+ Dy lhorye |2 + (nrf)?
P HRyj + = L p L
nr;
Then,
SINR. = Prj HR1iP3; HaRy (12)
.=

PrjHR1g+p1i H1Rg +p2i H2R +1

e ‘ ATU-FJIECE, ISSN - 2708-3985, Volume: 2, Issue: 01, July 30, 2023, © 2020 FJIECE, All Rights Reserved



engineering, and their related and subfields.

2
Af |h7”2k|2 |hqTk |2
p‘r} k 2 1i k2
f ny; nr;
SINR, = — - —
Af” |1y |? nr M)
7 Prj 2 2 Z 2
Ag nk" nrf At nk;“nr}*
_ Pj HRy Py; HiRy
= K
P.; HRyy + 4 Pu |7 |2+ P V;z?‘k > + (nry)?
nrf
and,
Pyi HRykPy; HiR
SINR2 — Tj 2kf1i H1Rk (13)

PrjHRak+p1i H1Rk +D2; HzRk +1

h h
where, H,R, = 2% pp. = T""'

nrl- 1 |

where, SINR, , SINR, are signals to noise plus cross-tier
interference ratio calculated at SU,, SU, , respectively after
the signal is amplified and broadcasted from k relay on
subcarrier j.

The total transmission rate of SUs with the assistance of
AF with two-way protocol of k" relay on subcarrier pairs
<i, j > can be calculated with two time slots to complete
the transmission messages between SU;: [15]-[18].

RYI* == (log2(1 + SINR;) +log,(1 + SINR,))  (14)

B. Interference Analysis for Secondary Network

To analyse the interference from secondary network
(SUs with relay nodes) to primary network with a perfect
sensing of licensed spectrum, means that the SUs detect
only the unused subcarrier perfectly, leading to SUs use
subcarriers that are different from primary users. The
interference power from secondary users on subcarriers i,
when sending to all k t* relay nodes in MA phase denote as
I; , and the interference power from k ‘" relay on
subcarrier j , when they amplify and broadcast to SUs in
BC phase denote as I,.; , and must be less than I, threshold
interference defined by Primary network.

=y <pu DUl pa Y. |f21|2> < I (5

iENskEXK LeNp LENp
Lj= Z Z Prj Z Ifral 2 < (16)
jenskex len,

To analyse the cross-tier interference from MBS to
secondary network, the cross-tier interference power effect
on k" relay when it receives a signals from SUs in MA on
sub-carrier i is ZJ calculated in (17). The cross-tier
interference power effect on SUs receiving signals from k
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relay in BC on sub-carrier j is Z{; and ZJ; calculated in
(18).

Zlk = Z <Z PmBs Z |thi|Z> 17
LEN,

Kex {ENs
2 2
zskj = Z Z Pumss Z |h51j| + Puss Z |h52j| (18)
leN, kex jens fENs

I11. PROBLEM STATEMENT (OBJECTIVE FUNCTION)

The identification of the objective function in this model
is to maximize the total data rate for secondary network,
with the power constraints for secondary network and the
interference constraints from secondary network to macro
cell network. To solve this problem, a two dimension
binary matrix A;; is considered. Where A € {0,1}, if A=1,
means that the subcarrier i is allocated to SUs when
transmit to k" relay on MA phase. And the subcarrier j is
allocated to k" relay when AF the signal and transmit to
SUs on BC phase. Then the subcarrier i is paired with
subcarrier j denoted by a symbol <i , j>. In addition, a
three dimension matrix By, is considered, where B €
{0,1} if B=1 means that the subcarrier pair <i, j> allocated
for k" relay. To solving this formulation problem to
maximization the total transmission rate for some
constraints. The Power constraint from SUs is ¢3 and for
kt"relay is c4. The interference constraint from SUs is ¢5
and from k relay is ¢6 [15], [19], [20].

oP: (5 p) Z Z Z BY, A, RU* (19)

iENs JENs kEK

c1:ZA=1,ZA=1 (19a)

(€N jENs
c2: Z B=1, forall<ij> (19b)
kEXK
c3: Z Z Psi < Dsmax fOrs=12 (19¢)
{ENskEX
c4: Z Pr; < Prmax forallk (194)
Jj €Ns
Sihi= > Y (o Y Ml + pa ) 1l
{ENskEK UEN, UENy
< I (19¢)
c6: ;= Z Z Drj Z Ifal? s g 191)
jENgkEK UEN,

IVV. SIMULATION RESULTS

The simulation results obtained the power allocation and
specific number of subcarriers allocation for small cell
users and for relay nodes, under power constraints and
interference threshold constraints to avoid the interference
from small cells to macro cell because use the same
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frequency band, with the consideration of cross-tier
interference. Particularly this section will find the
optimized power allocated for the cognitive small cell users
SU, and relay nodes, and sub-carrier pairing matrix to the
maximization of the total data rate evaluated in numerical
results of the implemented system model. Assuming the
maximum transmission power of all elements (pgmax:
Prmax, aNd pyps) be in normalized power that is equal to 1
watt, the adopted all channel gains and interference-
channel gains are i.i.d as &V ~ (u, 02) with zero mean
[15].

All parameters for GA and the powers values used in
this system model listed in Table-II.

TABLE-I1: GA PARAMETERS AND POWER VALUES
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number of iterations size data 50

number of initial generations data 200

total number of variables (Xr = 48)

power variables (Xp = 24), its
range 256 levels

subcarrier variables (Xr = 24), binary

range (O or 1)

Maximum transmission power for
secondary users

Ds max = 1 watt

Maximum transmission power for  prnac = 1 watt

relay nodes

Maximum transmission power for puss = 1 watt
macro cell

interference power threshold 1x107° watt
AWGN zero-mean and

0.01 variance

This is to guarantee the inter-carrier-interference that does
not occur from carrier overlapping, assuming an offset
constant randomly is between (0 and 1) for each subcarrier
iandj [21].

The results for this system model:

1. The optimized sub-carrier pairing matrix and relay
selection matrix for relayl and relay2 are A, B1, and B2
respectively:

1000
oo 10
A=10 0 0 1
010 0
0 1 0 17 1010
o1 0 1 11010
Bl=1p 1 0 1 o B2=11 9 1 0
0 1 0 1. 1010
0 0 0 0 1000
oo o0 o “loo 10
AXBL=15 ¢ o 1 o AXBZ=15 4 ¢ ¢
0 1 0 o 000 0

Each number in matrix A represents the <i, j> pair. The
rows represent the subcarrier i = [1 2 3 4] and the columns
represent the subcarrier j = [1 2 3 4], when A=1 in the first
row, meaning that the user uses the subcarrier (i=1) for
sending to the k" relay (of MA phase) and the k" relay
uses the subcarrier (j=1) for forwarding to user (of BC
phase). The B1, B2 are the relay assignment matrix
depending on matrix A. To determines which subcarrier
pairs are assignment to R, or R, will be multiply matrix A
by matrices B2, and B1, (dot product) respectively. That
meaning, the <4, 2> pair is assigned to relayl, <3, 4> pair
is assigned to relayl, <1, 1> pair is assigned to relay2, and
<2, 3> pair is assigned to relay2. Figure 3 illustrates the
subcarrier pair allocated for SU; with each relay and for
SU, with each relay.

subcarrier allocation for SU1 to R1

4
3l
H
i
=
1}
0 . .
n i2

subcarrier pairs i1 2

subcarrier allocation for SU1 to R2

i

subcarrier pair |

w

[

Magnitude

o

There is no subcarrier allocation for SU2 to R1 subcarrier allocation for SU2 to R2

1
41 {
, |
L == :

subcarrier pair |

Magnitud

Fig.3: Subcarrier Allocation for SU with each relay

2. The powers allocated for SU; and Relay nodes shown in
Fig.4 and 5 respectively. Figure 4 shows the transmit
power allocation for MA phase from SUs on all subcarriers
i to the relay nodes under the maximum power constraint
which is equal to normalized power pg ., = 1 watt. Figure
5 shows the power allocation from the relay nodes R, and
R, for BC phase on all subcarriers j to SUg under the
maximum power constraint which is equal to normalized
POWEr Py max = 1. From Fig.4 and Fig.5, the summation of
all powers sent on each sub-carrier for each user and relay
node does not exceed the maximum power.

According to matrix A and the multiplication of (4 X B;

and A X B,), the powers allocation for each subcarrier pair
of each relay are listed in Table-III.

TABLE-IIl: POWER VALUES OF EACH SUBCARRIER PAIR

Ry R,
Subcarrier Power values  Subcarrier Power
pairs pairs values
<4,2> 0.02971w, <1,1> 0.0342w,
0.024w 0.4109w
<3,4> 1.11 e-05w, <2,3> 0.0622w,
0.2028w 0.0431w
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power allocation for SU1 to R1

power allocation for SU1 to R2

magnitude (watt)
magnitude (watt)

0 0
subcarrier | 1 2 3 4 subcarrier i 1 2 3 4

power allocation for SU2 to R1 power allocation for SU2 to R2

=
= =
B 3

=
s
B

magnitude (watt)
magnitude (watt)

0 []
subcarrier i 1 2 3 4 subcarrier i 1 2 3 4

Fig.4: Power allocation for SUs on all pairs under maximum power
constraints

power allocation for R1 power allocation for R2

3

>
o
o

o
o

<

kS

=
=
w

[4
o

Magnitude (watt)
e o o ¢
b
Magnitude (watt)

R

e
[

0 0
subcarrierj 1 2 3 4 subcarrier | 1 2 3 4

Fig.5: Power allocation for R1 and R2 under maximum power constraint

3. The signal to noise ratio SNR are shown in Fig.6. To
determine the pairs allocated to SU; or SU, depending on
which have highest SNR from the other, therefore it is
noticed that there is no subcarrier allocated from SU, to
R, ,but the path from SU; to R, takes two subcarrier pairs.
Figure 5 shows the SNR to each <i , j> pair for both SU, to
(Ryand R,) and for SU, to (R,and R,) in MA phase with
interference threshold constraint I,;, = 1x10°°.

The SNR,, in Fig.6 (c) at i = 3 is equal to zero for all
subcarrier j , for this reason no subcarrier will be allocated
in this path (from SU, to R,), and all subcarrier pairs to R,
will be allocated to SU; , because the values of SNR;; in
Fig.6 (a) at the pairs <3, 4> and <4 , 2> are larger than
SNR,, in Fig.6 (c). The SNR values for each subcarrier
pair of each relay listed in Table-IV.

TABLE-IV SNR OF EACH RELAY FOR SYSTEM MODEL

(2) SNR11 for SU1 to R1 on each subcarrier pair
s

i=1 i=2 i=3 i=4
subearrier pairs XLabel

(c) SNR21 for SU2 to R on each subcarrier pair

0 -

—=
g0 [
3 [

£03
:
;
ZFo2f
‘a1 |
,Ln ‘
i=1 i=2 =

. =
subcarrier pairs

Fig.6: SINR from SUs on all subcarrier pairs with cross-tier interference

4. The total transmission data rates from each relay are
shown in Fig.7, it shows the total data rate (bit/s/Hz) for
SU, with R, and for SU with R, on each subcarrier pairs,
based on the signal noise ratio SNR, assuming that the
relay used responds to any bandwidth. To obtain the total
maximum transmission rate (bit/s), by suggest a bandwidth
for this system model and compensate it in the Shannon
law. The data rates are calculated for each subcarrier of
each relay are listed in Table-V.

According to eq. (14), the result is equal to: Rate; =
0.4666bit/s/Hz, and Rate, = 0.2605bit/s/Hz. The
total data rate of this system model is the result of adding
the two rates: Total transmission data rate =
0.7271 bit/s/Hz.

For this system model, if the interference threshold is
changed to I, = 1x10*?, then the result will be equal to:
Rate; = 4.4606 bit/s/Hz, Rate, = 0.6080 bit/s/Hz.

TABLE-V: TOTAL TRANSMISSION DATA RATE OF EACH RELAY

Rate of R4 Rate of R,
Subcarrier Rate value Subcarrier Rate value
pairs pairs
<4,2> 0.1331 <1,1> 0.0668
<3,4> 0.2726 <2,3> 0.1663

SNR of Ry SNR of R,
Subcarrier  SNR values Subcarrier  SNR values
pairs pairs
<4,2> 0.1257 <l,1> 0.061
<3,4> 0.4223 <2,3> 0.2122

Capacity from R1 on all subcarrier pairs

o Capacity from R2 on all subcarrier pairs

o o
'S o

o
N

i=1 i=2 i=3 i=4

total transmission rate (bits/seciHz)
°

total transmission rate (bits/sec/Hz)
e

Fig.7: The maximum capacity for SUs with relay nodes R1 and R2 under
maximum power constraint and interference threshold
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The total data rate of this system model it is the result
of adding the two rates: Total transmission data rate =
5.0686 bit/s/Hz. From this result, the decreasing in the
interference threshold will help in increasing the total
transmission data rate of this system model.

V. CONCLUSION AND DISCUSSION

In this paper, the joint resources allocation RA consist of
power allocation, sub-carrier pairing allocation and relay
selection have proposed, under the power constraint and
interference power constraint to improve the total system
capacity of cognitive small cell HetNet in a perfect
spectrum sensing. The cross-tier interference considered
from macro cell (primary network) to small cells and AF
two-way relay nodes (secondary network). The genetic
algorithm GA used to solve the optimization problems to
maximize the total transmission data rate of cognitive
secondary network within macro cell. The results have
showed the ability of GA to effectively determine the
frequency and power values of secondary network (small
cell users and relay nodes) without interference with the
primary network (all problem formulation are solved under
all constraints leading to increasing in the spectrum
efficiency by exploiting the vacant band. Can be getting
higher transmission data rate when the interference
threshold decreased, that meaning the interference
constraint will be more flexible and allow the SUs from
achieve their transmission rate better, because the SINR
will be increased if interference will decreased and it lead
to increasing in the capacity and finally increasing the total
transmission rate.
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