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Abstract—Cognitive radio (CR) allows secondary users
(SUs) to exploit the under-utilized radio spectrum of the
primary networks. To fully utilize the primary spectrum
and maximize the spectral efficiency, overlay and underlay
transmissions, which exploit the white and grey spaces
respectively, should be used together. However for underlay,
the SUs need to transmit at low power to avoid causing
harmful interference to the PUs, whereas the PUs will cause
high interference to the SUs. Thus interference mitigation is
a major issue in underlay spectrum utilization. In this paper,
a hybrid transmission system that exploits both overlay and
underlay is proposed using MC-CDMA due to its interfer-
ence rejection and diversity exploitation capabilities. Unlike
existing approaches, which separate the use of overlay and
underlay spectrum, the proposed schemes utilize the entire
spectrum for underlay transmission to minimize the PU
interference while using the spectrum holes for overlay
transmission to maximize data rate. Two techniques that
operates at full-load and overload scenarios are proposed.
The overload system is then extended to the multi-user
underlay case to further improve the spectrum utilization.
Index Terms—Cognitive Radio (CR), Orthogonal Frequency
Division Multiplexing (OFDM), Multi-Carrier Code Division
Multiple Access (MC-CDMA), overlay and underlay spectrum
access

[. INTRODUCTION

Cognitive Radio (CR) is a promising solution to the
spectrum under-utilization problem by opportunistically
accessing the spectrum of the primary network. There are
two main spectrum access mechanisms in CR networks:
overlay and underlay. Overlay transmission utilizes the
spectrum holes by exclusively using the unoccupied
spectrum of the Primary User (PU) and vacates on PU
re-occupancy. On the other hand, underlay transmission
can utilize the spectrum at any time by transmitting in the
presence of PUs at low power to avoid causing harmful
interference. The overlay and underlay CR approaches
have been investigated widely in the literature [1]-[4].

In particular, different multiplexing or multiple
access schemes have been proposed for the physical
layer transmission of overlay CR systems. Orthogonal
Frequency Division Multiplexing (OFDM) is a strong
candidate for overlay due to its flexibility to fill in the
spectrum holes non-contiguously, known as NC-OFDM
[5]. However, a major drawback is the large side lobes
that results in high out-of-band emission which can leak
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into an active PU band and hence significantly degrade
PU’s performance [6]. Considering this interference,
coexisting primary and secondary users in adjacent
bands of an OFDM-based overlay system is investigated
[7]. The framework is then extended to the case where
different interference constraints are set by different
PUs in [8]. The non-contiguous transmission approach
is applicable to other multicarrier techniques, such as
Multi-Carrier Code Division Multiple Access (MC-CDMA).
Authors in [9] proposed an NC-MC-CDMA scheme that
adaptively changes its transmission parameters according
to the available spectrum holes instead of the sub-band
deactivation method.

There has been a shift from the conventional
transmitter-centric model by FCC Spectrum Policy
Task Force [10] in 2002. The new model introduces
interference threshold at the receiver side where
interference takes place rather than interference being
controlled at a certain distance from the transmitter [11].
This is to ensure that the CR system will not harm the
licensee’s performance. Therefore, underlay transmission
is more challenging as utilizing the same spectra as PU
may suffer from high interference and hence considerably
degrade its performance. Thus, a major issue in underlay
spectrum utilization is interference mitigation.

In recent years underlay transmission has been widely
investigated in the literature. Yet, spread-spectrum-based
techniques are preferable for underlay CR systems (see
e.g. [12]). There are two fundamental advantages of
spread spectrum systems to be utilized in underlay
CR. The first stems from low power density due to
spreading, and the second is the capability to mitigate
high interference levels [10]. While existing literatures
agree on utilizing spread-spectrum-based schemes for
underlay due to their interference suppression capabilities
[10], [12], [13], there is a missing link on how to achieve
such interference suppression when all the bandwidth is
either occupied by PU or the overlay SU. This is known as
the hybrid CR system where both overlay and underlay
are jointly exploited. The main purpose of this paper is to
address this issue.

Previous works show that the hybrid systems
outperform overlay or underlay only systems in terms of
two important performance measures: total achievable
transmission rate [14] and Bit Error Rate (BER)
performance [15]. An OFDMA-based joint overlay and
underlay spectrum access mechanism is proposed in



[14]. A hybrid overlay/underlay transmission scheme
was proposed for CR systems in AWGN channels in [16].
Overlay carries the modulated data utilizing NC-OFDM,
while underlay carries parity bits using NC-MC-CDMA
technique. The performance is also examined for fading
channels in [15], assuming the received interference
from the PU at SU to be passing through AWGN channel.

In this paper, we propose a hybrid CR system that fully
utilizes all white and grey spaces in the spectrum using
MC-CDMA. The PU signals are treated as narrowband
interferences and are suppressed by the nature of
MC-CDMA. In order to maximize spectrum efficiency,
the white spaces should be occupied by overlay SUs,
which will also cause interference to the underlay users.
The overlay and underlay users are separated using
different scrambling codes. We present a code allocation
algorithm that ensures the underlay SUs can suppress
PUs interference while having very low or zero cross
correlations with overlay SUs. In particular, two hybrid
approaches are proposed, namely the Full-Load and the
Overload. Both systems are hybrid MC-CDMA systems
which are flexible to any available number of spectrum
holes. Two detection schemes are also proposed for the
hybrid CR systems to mitigate the interferences. It is
worth mentioning that although some of the techniques
used in this work are available in the existing CDMA
literature, applying the techniques in this way in CRN is
new.

The following notations are used in the paper. Upper
and lower-case boldface letters denote matrices and
vectors respectively. ® shows the Kronecker product.
Moreover, ()7, (.)*, (.)7! and ()7 stand for matrix
transpose, complex conjugate, matrix inversion and
Hermitian transpose respectively. X = diag[z1, ..., 2] is
an M by M block diagonal matrix with the diagonal
elements given by vector x = [z1, ..., zps]. The trace of the
diagonal matrix X is denoted by tr(X). Also C**" defines
the space of a xb with complex entries. Variable definitions
also included in Table 1.

The rest of this paper is as follows: Section II describes
the systems model. The proposed Full-Load hybrid model
is explained in Section III, followed by the modified
chip-level and symbol-level MMSE equalizers. Section IV
presents the proposed overload hybrid model and is then
extended to a multi-user hybrid system. Simulation results
are presented in Section V, and finally conclusions are
drawn in Section VI.

II. SYSTEM MODEL

The spectral occupancy of the hybrid MC-CDMA system
is shown in Fig. 1 where the primary OFDMA-based
system and the Cognitive Radio Network (CRN) coexist in
the same band, with bandwidth B which is divided into
M equi-width subcarriers. It is assumed that spectrum
sensing is performed using some accurate spectral sensing
techniques (e.g., [17], [18]) perfectly and the available

TABLE I: Variable Definitions

Variable | Definition

EY i-th subcarrier availability

B Total available bandwidth

bk k-th overlay user’s data vector

b[k] k-th underlay user’s data vector

[k k-th overlay user’s specific signature

c[k] k-th underlay user’s specific signature

d[k] k-th overlay user’s multiplexed data vector

d[k] k-th underlay user’s multiplexed data vector

d; Hybrid data vector

G Overlay spreading factor

Hss Secondary transmitter to secondary receiver channel matrix

Hps Primary transmitter to secondary receiver channel mtrix

K Total number of secondary users

K Number of overlay secondary users

K Number of underlay secondary users

M Total number of subcarriers

My, Number of occupied subcarriers by all primary users

Mgy, Number of available subcarriers for overlay cognitive users

n[i] Complex Gaussian noise component on the ¢-th subcarrier

P Number of consecutive symbols sent simultaneously by each

overlay user

r Received signal vector

S Overlay scrambling matrix

S Underlay scrambling matrix

Spu Primary user data vector containing availability vector a
Overlay NC-MC-CDMA

PU Band PU Band PU Band

Frequency

Fig. 1: Spectral occupancy of the hybrid MC-CDMA system

bands and the interference threshold for the occupied
bands are known to the CRN. It is also assumed that
the CR base station performs centralized control and
allocates users into overlay and underlay transmissions
based on their data rate requirements. By ensuring the
underlay users transmit under the interference threshold,
the interference to the PU is thus within the acceptable
range and creates negligible performance degradation. As
shown in Fig. 1, underlay is utilizing the whole spectrum
while overlay is transmitting through the spectrum holes
detected by the spectrum sensing unit. The number of
subcarriers occupied by the PU system is represented by
M,,, and the number of subcarriers to be used by the
overlay CR is shown by M,,. The subcarrier availability
for the CR system is shown by an M-element availability
vector a in which a; € {0,1} with 1 indicating the i-th
subcarrier to be available, and O not available for the
overlay. In this model, K overlay users are using the M,
available subcarriers and K underlay users will utilize
the whole spectrum while maintaining the interference
threshold of the PU and at the same time keeping the
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Fig. 2: Proposed Transmitter Structure

orthogonality with overlay users. The total number of
cognitive users is denoted as K !. P consecutive symbols
are spread with the spreading factor G and are sent
simultaneously by each overlay user, i.e. M, = GP. Since
underlay is utilizing the whole spectrum, the underlay
code length will be M. The spread data of the k-th overlay
user is obtained by multiplying the user’s symbols by its
specific signature sequence as

ylk] = blk] @ e[k]

= [blcl,.. TGCJWSHX1

.,blcg,...,prl,...,prG,] (1)
where b[k] of size Px1 is the k-th user’s symbol vector and
¢[k] of size G x 1 is the k-th user’s specific spreading code.
We denote x € CM*! as the equivalent overlay signal of
y after respective subcarrier mapping (according to the
availability vector a) and summation over all K overlay
users. The overlay spread data is then multiplied by the
M x M overlay diagonal scrambling matrix S, which
contains the M,,-element scrambling sequence after the
same subcarrier mapping as in X. The overlay multiplexed
symbol vector of K users is then

d = Sx. 2)
The transmitter block diagram is shown in Fig. 2. The k-th
underlay user’s data symbol is represented by b[k] and
its M x 1 spreading code is c[k]. The combined underlay

'In order to make it easier to follow, in this model a special notation
is employed to address variables related to overlay and underlay. Any
variable related to overlay is shown by an overline and any underlay
variable is shown by an underline.

spread signal of K users is

K
x=Y blkle[k]. 3)
k=1

It is further multiplied by the underlay diagonal
scrambling matrix S of M elements. Therefore, the
transmitted hybrid signal can be shown by

d, =Sx+Sx=d+d 4

which is an M x 1 vector consisting of the summation
of overlay and underlay signals. The channel state
information is assumed to be known perfectly at the
receiver side, but not at the transmitter. Let

Hss = dlag[hss[1]7 hss [2]3 teey hs‘@[M]] (5)

be the diagonal M x M frequency domain complex
channel from the secondary transmitter to the secondary
receiver, where h,[i] is the channel gain on the i-th
subcarrier. Likewise,

H,, = diag[(1 — a1)hps[1], (1 — a2)h,s[2], ...,
(1-— aM)hps [MH 6

is the M x M frequency domain complex channel from
the primary transmitter to the secondary receiver. Here,
the unoccupied subcarriers will be set to zero by the term
(1—a;). The channel is assumed to be frequency selective
Rayleigh fading, with flat fading over each subcarrier.
Then, the received signal on the i-th subcarrier at the
secondary receiver is given by

r[i] = hy,[i]dy[i] + hy,[i]s,,[i] + ni] 7



where

=[(1 - a1)dpu[1], (1 — a2)dp,[2], ...,

(1 = aar)dpu[M]]"

Spu
®

is the M by 1 PU data matrix. The first part in (7) is
the secondary user’s hybrid received signal on the i-th
subcarrier. The second term is the interference from PU
on the i-th subcarrier and the last part, n[i], is the noise
component on the i-th subcarrier of the received signal
and is assumed to be complex Gaussian. The received
signal in (7) can be expressed in vector form as

r= Hssdh + Hpsspu +n. (9)

III. PROPOSED FULL-LOAD HYBRID MODEL
A. Transmitter

In this model the number of cognitive users is equal
to the overlay spreading factor to achieve full load
transmission (i.e. K = G). The number of overlay users
is K = G — 1 while one underlay user transmits through
the entire bandwidth with respect to the interference
threshold of the PU. Overlay utilizes the spectrum holes
while maintaining orthogonality with underlay by using
the Orthogonal Variable Spreading Factor (OVSF) codes.
Spreading factor of G is used for overlay users to spread
the data symbols while the underlay user uses the code
with length M for spreading. In Fig. 2, S and S are
diagonal matrices of 1 in this case, as the number of
users will not be more than the signal’s dimension and
therefore, there is no need for scrambling.

B. Receiver

The receiver for the Full-load model detects
independently the overlay and underlay users’ signals.
In other words, overlay performance does not affect
underlay. Therefore, this model is preferable for the cases
when the primary user’s activity is high. Let us define
C;, € CM*K as the hybrid spreading code matrix where
the first to the K-th rows belong to the overlay users
and the last row is related to the underlay user which is
of length M. Overlay spreading sequence is assumed to
be periodic with period G, i.e. ¢iygr = ¢ir. Next, the
respective PU subcarriers of overlay users in Cj, are set
to zero.

Upon receiving the signal and removing cyclic prefix,
Fast Fourier Transform (FFT) is applied. Cyclic prefix
length is chosen such that it is longer than the maximum
delay spread of the channel to avoid Inter-Carrier
Interference. Passing through an equalizer, the signal on
the i-th subcarrier can be shown as

h[i]dn[i] + wlilhps[i]spu[i] + wlini]

(10)
where w is the equalizer weight vector of size 1 by M, and
wli] is the equalizer’s i-th coefficient. In the following, the
two modified chip-level and symbol-level Minimum Mean

yli] = wlijrli] = wli]

Squared Error (MMSE) equalization [19] is proposed and
the performance is compared with Zero Forcing (ZF)
results in Section V.

1) ZF Receiver: By multiplying the reciprocal of the
channel, and despreading using the orthogonal spreading
codes, ZF equalizer forces the Multi-Access Interference
(MAI) component to zero. Therefore, the underlay

decision variable consists of the desired signal, PU
interference and noise which can be shown as
22 —b—i—ZwZF [i1Ch i, K]Spuli]
M
+>  wzplilChli, K]nli] (11)
=1

where C[i, K] is the underlay user’s i-th chip and wy g [i]
is the reciprocal of the SU transmitter to SU receiver
channel on the i-th subcarrier i.e. wzr[i] = 1/hy[i]. The
underlay instantaneous Signal to Interference plus Noise
Ratio (SINR) for ZF is

Mpsu
No S0 [Wi][2 + ppu 32025 [wlilhsi]]>

where p,, is the average PU symbol energy on each
subcarrier and p,, is the underlay symbol energy.

2) Chip Level MMSE: Chip-level equalization minimizes
the mean square error between the transmitted signal and
the estimated signal of each subcarrier. The despreading
process is performed on each user’s signal afterwards. It
is a low-complexity single user detection method. The
MMSE criterion for the i-th subcarrier is

Vel =

(12)

arg min E[|wcr[i]r[i] — d[i]]?]. (13)

wer [4]

Substituting (4) and (7) into the MMSE criterion (13),
it can be easily shown that the MMSE-FDE on the i-th
underlay subcarrier is given by (14) where p., is the
overlay signal energy per chip. As mentioned earlier, it
is assumed that there is no overlap for overlay and PU’s
band, while the underlay is orthogonal to the overlay. As
a result, the conventional MMSE-FDE can be used for
overlay signal detection [20]. Hence, the overlay signal
detection is not analyzed here.

After recombining the signal over all subcarriers across

the whole bandwidth, the underlay signals’ decision
variable with Chip-Level MMSE (CL-MMSE) is
CL MMSE bZWCL SS + Zﬁ(k K |‘ ~I ]f]

+ Z{WCL

[{]Chli, Kspu[i] + Worli]Cali, K]nli]}
(15)

where [(K) S M wer [ilhgs[i]Chli, kChli, K] and
[{] denotes smallest integer not less than /. The first
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component in (15) contains the desired underlay signal.
The second term is the MAI from overlay users due to the
residual interference from MMSE equalization. The third
term is the interference from the PU, and the last part is
the noise component. Assuming Gaussian approximation,
the underlay noise plus interference power can be written
as ? 0}, = 0}  + 0%+ o,. The variance of the AWGN
component corresponds to

2 N al .
L = ; lwep [d]| (16)
The variance of the PU interference will be
2 Ppu - . 2
Mo = 21 g [ Wi [T ] (17)

where PU to SU channel coefficients are weighted by w,,
(1 — a;)hi[i

+ hys[ilhy [i] + 2 hys il [i
SO hlih ]+ 22 i

Wy, [i] = N (18)

Note that the summation’s upper limit in (17) is M.
However, the unoccupied subcarriers are set to zero by
the term (1—a;) in (18). The overlay interference variance
is

K-1
o= Var[z ZWCL [i]Ch i, K]Ch[i, K]
k=1
P(K — 1)p30
S TG ek (9
where p;, is the overlay symbol power and
01200th5 = ]E[W%'ths] - E? [WC'ths] (20)
is the variance of the SU to SU channel coefficients
aihzs )
worl] = el @D
— + (14 === )hy,[i]hg,[i]
Cu Cu

3) Symbol Level MMSE: Symbol-level equalization
considers equalization and despreading jointly and hence
minimizes the mean square error between the transmitted
and estimated symbol at the expense of higher complexity.
The MMSE criterion for underlay symbol is

min E[|zy,, — b|?] = min E[lwgr — bJ?]. (22)

2Note that the variances are all conditional variances to channel
coefficients (Hss and Hps) which is not shown here for notational
simplicity.

Substituting the received vector, r, from (4) and (9) into
criterion (22), and differentiating with respect to wg;,
the optimal vector can be shown as

H pqH
wsr = Ps, ¢, Hg,.

(HysCyRy, C/HE + H R, HL + R, )~ (23)

where Ry, = E[d,d/'] is a K x K diagonal matrix of
the users’ symbol energy (i.e. the last element is the
underlay user’s symbol energy and the rest are overlay’s),
R,, = E[s,us).] and R,, = E[nn"] = Noly. ¢y, is the
K-th code of the hybrid code matrix C;, of size M by 1.
The underlay signals’ decision variable with Symbol-Level
MMSE (SL-MMSE) is

SL MMSE

Zm =Wgrtr =Ws Hys +wgr HysS,, + Wgrn

(24)
which includes the desired signal and residual
interference from overlay users, PU interference,
and noise respectively. SL considers the non-diagonal
elements in the equalization process while the chip-level
ignores. This is why the MAI vanishes with symbol-level
detection and equalization. Assuming the MAI component
to be zero for symbol-level equalization, the underlay
SINR can be written as

Pc,WsL ssWsL (25)

ASE —
un H .
Pqusng + NOWSLW?L
Therefore with the proposed method, overlay will
not have interference on underlay and hence the PU

interference will be suppressed by a factor of Mk—i

Wy Hps8,,8

IV. PROPOSED OVERLOAD HYBRID MODEL

In this model the overlay users are in full load and
the number of underlay users can be even larger than
1 and thus cheieve an overload transmission, depending
upon the interference threshold of the PU system. Two
layered spreading is performed, namely channelization
and scrambling [21]. Overlay channelization code is
Walsh-Hadamard (WH) of length G while the underlay
code is WH of length M. The use of WH codes ensures
the orthogonality amongst the overlay users, and similarly
for underlay users. However, since the overlay system is
already fully loaded, the underlay user is overloading
the system, and thus create interference. It should be
mentioned that the overload system concept in cognitive
radio has some elemental differences with conventional
spread spectrum based overloaded systems. Firstly, the
underlay interference threshold limit should be concerned
at all times. Moreover, the overload user, transmitting via
underlay, does not occupy the same number of subcarriers



as overlay users. Therefore, the scrambling sequences
should be updated according to the number of overlay
available subcarriers from the spectrum sensing unit. The
scrambling codes should also be updated when a new user
is being added to the underlay hybrid system to choose
the ones that create the least correlation with the overlay
system.

A. Code Allocation Algorithm

The scrambling code is generated as follows. In order
to achieve low cross-correlation between the overlay and
underlay users, the orthogonal Gold codes are employed
[22]. A pair of Gold codes of length M — 1 is chosen.
By appending a 0 at the tails of these two codes, two
orthogonal Gold codes of length M are generated, one
for overlay and one for underlay. The part of the overlay
scrambling code in which PUs exist is set to zero. The
underlay scrambling code is then cyclic shifted and the
one that provides the least cross-correlation with overlay
users is selected for underlay scrambling. The algorithm
can be written as follows where it is based on the average
cross-correlation values than their maximum values [23]:

1) Generate a pair of orthogonal Gold codes of length
M for overlay and underlay scrambling.

2) Generate the periodic overlay channelization code C
for K users i.e. C will be a K x M,, matrix, where
M, is obtained from the spectrum sensing unit.

3) Calculate the combined overlay code for K users as
T = CS and at the same time zero pad at the PU
occupied subcarriers (T will be a matrix of K x M).

4) For the specific underlay user calculate the combined
underlay code as T[k] = c[k]S (T will be a 1 x M
vector).

5) Calculate the k-th underlay user’s correlation with
the k-th overlay user

T[i] Tk, ]

i=1

1
MSU

EF.0 (26)

where the last index 0 denotes the number of cyclic
shift of the underlay scrambling code and in this case
is 0.

6) Perform chip-wise cyclic-shift of the underlay
scrambling code and repeat steps 3-5. The correlation
for each shift is ¥, 7 where m € {1,..., M}.

7) Repeat steps 3-6 for’ all underlay users and overlay
users.

8) Choose the amount of shift that has the minimum
correlation between the overlay and underlay users’
scrambling codes

27)
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Fig. 3: Overload Receiver Block Diagram

B. Receiver

The block diagram of the proposed receiver is shown
in Fig. 3. The received signal is descrambled by using the
overlay scrambling sequence. The overlay signal is first
detected, due to its relative high power to the underlay
signals, from the received hybrid signal using chip-level
MMSE. There are two main reasons to use chip-level
MMSE for overlay detection. Firstly, chip-level detector
can maintain the simplicity of the MC-CDMA receiver for
overlay users as it does not require the knowledge of other
users’ sequences. Secondly, since the overlay transmission
power is considerably higher than that of the underlay
and there is no interference from PU, the chip-level
MMSE exhibits a good performance. The chip-level MMSE
criterion for the i-th overlay subcarrier is given by

min E[|z[i] — d[i]|*] = min E[|w[i]r[i] - d[i]|’]

w(i] w(i]

(28)

where z; is the decision variable on the ¢-th subcarrier.
Substituting (7), where the second term regarding PU
is set to zero by h,,[i] for overlay subcarrier, into (28)
and differentiating with respect to w* [24], it can be
easily shown that the chip-level equalization coefficient
for overlay is

. (29)
Pe . NO
= hss h + —
po Bsslilhs il + 2

After overlay descrambling and gespreqdlnj, the overlay
]

1+

data is detected to be {5[1],5[2],...,5[1? . Therefore,
after overlay interference reconstruction and cancellation,
the modified received signal on the i-th subcarrier for
underlay detection is

M
]- 3 ik (30)

1=1

Il't)

where Xx[i] is the sum of K overlay users’ detected
multiplexed data on the i-th subcarrier. Therefore, the
reconstructed received signal component after overlay

signal detection and cancellation corresponds to
f‘c = Hssc_l + Hpsspu +n+ i (31)

where I is the residual interference from overlay due to
imperfect cancellation. It is assumed to be zero in the



subsequent derivation due to the relative high overlay
to underlay power. In order for the underlay signals to
be detected under the high interference from the PUs,
symbol-level equalization is considered for underlay as
it has better performance than chip-level equalizer. The
MMSE criterion for underlay is

min E[(Wr — ) (Wr — b)"] (32)

The optimal vector for this objective function, as shown
in the Appendix, is

W = R, C7S"HE.
(HSSSQRQCHSHH?; + H:DSRPPH{){S + Rfrm)_l (33)

where Ry, = E[@H ] is a K x K diagonal matrix of the
underlay users’ symbol energy®. The proposed algorithm
in Section IV-A chooses the least correlated codes between
overlay and underlay. On the other hand, utilizing
SL-MMSE detection for underlay minimizes the MAI after
encountering fading environment. In addition, knowing
that overlay to underlay power is considerably higher,
the MAI can be assumed to be negligible. Therefore, the
underlay SINR can be written as

pe, WH, HI W
WH,.s,,s2Z HIWH? 1 Noww#

pu="ps

(34)

SL __
Yun =

Since several symbols are sent through overlay in each
block, any potential overlay error will not directly
propagate and make underlay erroneous. On the other
hand, in case that the overlay performance is poor, the
proposed Full-load method will be preferable.

V. SIMULATION RESULTS

This section presents the simulation results and
compares the proposed systems’ performance for different
scenarios with existing systems. The total available
bandwidth is assumed to be 10MHz and chip duration
is 100ns. The channel between PU to SU and SU to
PU are modelled by the ITU-Pedestrian B [25]. A total
of 512 subcarriers in 8 blocks of 64 are available
for the PU system. The primary system uses OFDMA
and each user occupies one block of 64 consecutive
subcarriers. If a block is not occupied by the PU, it
will be exploited by the overlay users with a spreading
factor of 64, i.e., each subcarrier carries one chip. The
underlay is spreading the data over the whole 512
subcarriers respecting the interference threshold of the
PU. Two scenarios are considered: Medium and High
PU to underlay interference level. Finally, the Multi-User
underlay scenario is presented in Section V-C.

SNote that underlay signal power (Pyr = tr(Rpyp)) has been set to be
lower than the PU’s interference threshold (/1) i.e. (Pun < Blr).
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Fig. 4: Underlay performance of the proposed full-load
hybrid system with ZF and chip-level MMSE equalizers
for different PU occupancy levels

A. Medium PU interference level

For the Full-load case, there are a total of 64 cognitive
users in the system. Overlay users are utilizing the
unoccupied spectrum in chunks of 64 subcarriers. The
last user is transmitting in underlay over the total PU
bandwidth. In this scenario, the secondary user’s underlay
received power is assumed to be -20dB relative to the
received signal power from the PU whilst it is maintained
below the PU interference threshold. Overlay to underlay
relative power is also 20 dB. Fig. 4 compares the underlay
performance of the full-load system for ZF and chip-level
MMSE at different PU occupancy levels. The underlay
performance is shown for M, = 64,128,256, 320, 384 and
448 subcarriers being occupied by the PU system which
accounts for 12.5%,25%, 50%, 62.5%, 75% and 87.5% of
the total bandwidth respectively. The baseline error
performance for ZF and MMSE with no PU interference,
denoted by No PU in the figure, are also plotted. It can be
observed that the proposed chip-level MMSE considerably
enhances the underlay performance with low complexity.
The underlay performance also improves with less PU
occupancy due to reduced level of interference.

Fig. 5 compares the chip-level performance with the
proposed symbol level MMSE for different PU occupancy
levels. The solid lines show the symbol-level and dashed
lines show the chip-level performance. It is observed that
the symbol-level equalization results in a significant BER
performance improvement for all PU occupancy levels. For
instance, symbol-level MMSE equalization at M,, = 320
achieves a 5dB improvement over chip level at 10~*
BER. It should also be noted that at Mpy = 64, the
symbol level equalizer performs close to the No PU
case, effectively suppressing the PU interferences. On a
separate note, the effect of interference between overlay
and underlay users are also evaluated, and simulation



results show that overlay users suffer no degradation
from the underlay users as they are orthogonal. The
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Fig. 5: Underlay performance of the proposed full-load
hybrid system with chip and symbol level MMSE
equalizers for different PU occupancy levels and with
relative underlay to PU received interference level of —20
dB; Dashed and solid lines represent chip and symbol
level performances respectively.

underlay performance is also evaluated against different
number of overlay users. As orthogonal codes are used,
the performance is unchanged for ZF and symbol level
equalizer, with a slight degradation in chip level due to the
residual interference in MMSE. For brevity, these results
are omitted. Fig. 6 compares the underlay performance
results for the full-load and overload systems when the
relative overlay to underlay and PU to underlay powers
are kept at 20 dB, as in the previous scenario. For the
overload system, the overlay is fully loaded, i.e. 64 users
in blocks of 64 subcarriers, and one underlay user is
transmitting through underlay. The scrambling codes are
selected using the algorithm explained in Section IV-A. It
is observed that for high PU occupancy levels the overload
system’s performance diverges more from the full-load
case while for low PU occupancy the performance of the
two proposed systems converge. This is because when PU
occupancy level is low, the overloaded underlay signal will
have most of the interference coming from the overlay
users, which can be suppressed due to the scrambling
code. However when PU occupies more subcarriers,
the underlay user suffers from higher interference and
due to overloaded operations, the interference rejection
capability is weakened comparing to the full load case.
However it must be noted that the BER plot in Figure 6
slightly favours the full load operation, as it has a lower
total rate comparing to the overloaded case (due to one
less user).

Fig. 6: Proposed full-load and Overload underlay
performance comparison with relative underlay to PU
received interference level of —20dB; Dashed and solid
lines represent full-load and overload performances
respectively.
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Fig. 7: Underlay performance of the proposed hybrid
overload system with different PU occupancy levels and
high PU interference level.

B. High PU Interference level

In this scenario, the interference from the PU is
increased to 44 dB relative to the underlay received power
while interference threshold is kept at the same level as in
the previous part. The overlay to underlay power is 47 dB.
The underlay BER performance of the proposed overload
system is presented for different number of PU occupancy
levels, M,, = 64,128,192,256 and 320, in Fig. 7. The
results show that in spite of very high interference level
from PU, the underlay maintains good performance and
as the number of available overlay subcarriers increases,
the underlay performance enhances.
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Fig. 8: Overlay performance with and without underlay
transmission.

Next, the effect of underlay transmission to the overlay
users in the proposed overloaded operation is evaluated.
Unlike previous simulations where the overlay was
assumed to be transmitting with significantly higher
power relative to underlay, in this part the overlay
and underlay are transmitting at the same power. This
is the worst case scenario for the overlay users to
evaluate the worst possible performance. The overlay
BER performance is compared to that of an overlay-only
system and is depicted in Fig. 8. In the hybrid case,
overlay occupancy level is 50% (256 subcarriers). It is
observed that the overlay performance degradation is
very small. Therefore, with the proposed hybrid system
the underlay can enhance the spectral efficiency without
degrading the overlay performance.

The underlay sensitivity of the proposed system due to
PU interference power is shown in Fig. 9. In this scenario,
the number of overlay subcarriers is fixed to 256. The
PU received power at the secondary receiver is varying
while the interference threshold and hence the underlay
power is kept the same. It is observed that increasing the
PU interference power from 37dB to 44dB, the underlay
performance is degraded by 2dB or less. This shows the
robustness of the overloaded system performs well in high
PU interference scenario.

Fig. 10 compares the NC-MC-CDMA underlay approach
[15] with the proposed overload performance. For the
NC-MC-CDMA case, underlay is sending in the PU
occupied parts of the spectrum only, i.e. 256 subcarriers.
The Dashed lines show the NC-MC-CDMA and solid lines
show the proposed systems results. It is observed that
with increasing the PU interference, the performance of
the NC-MC-CDMA underlay degrades dramatically while
the proposed system still maintains good results, in
addition to more transmission rate. For instance, for PU
interference level of 44dB, the proposed system still shows
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Fig. 9: Underlay sensitivity of the proposed overload
system to PU interference power level, M,, = 256
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Fig. 10: Underlay NC MC-CDMA sensitivity to PU
interference power level for 256 subcarriers. Dashed lines
show the NC-MC-CDMA performance and solid lines the
proposed system’s results with M, = 256.

better result than the previous NC-MC-CDMA of 20dB.

C. Underlay Multi-user results

In this part, the overload system with multiple underlay
users is considered. Clearly, the number of underlay users
depend on the PU interference threshold and also the
(Quality of Service) QoS requirement of the SU. But
to evaluate the proposed code assignment algorithm,
the interference threshold is assumed to increase as
the number of underlay users increases. This way,
the underlay degradation due to underlay multi access
interference can be evaluated.

Fig. 11 presents the underlay performance with
increasing number of underlay users for two cases
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Fig. 11: Underlay performance for increasing number of
underlay users for two cases when overlay is fully loaded
and when there is no overlay user in the system; M,, =
64.

of full-overlay and without overlay users, using solid
and dashed lines respectively. The number of occupied
subcarriers, M,,, is considered to be 64, ie. PU is
utilizing one block of subcarriers only and the rest
of the spectrum is being utilized by overlay cognitive
system. The number of underlay users, K, is shown by
Ky, in the figure. Underlay interference to overlay is
assumed to be negligible since the overlay transmission
power is considerably higher than the underlay one. On
the other hand, the underlay codes have been chosen
meticulously and according to the number of overlay
and underlay overlapping subcarriers to make the least
possible correlation with the overlay system.

Several conclusions can be made from the figure. Firstly,
it is observed that using the proposed code selection
algorithm, the underlay performance degradation due
to MAI with increasing number of underlay users is
negligible for 50% overload (i.e., K = G/2 or below).
Note that the total number of CR users (both overlay
and underlay) in this case can be up to 2G. Therefore,
the interference threshold determines how many underlay
users can be added to the underlay hybrid system
according to the users’ requirements. Secondly, comparing
the solid line and dashed line for each case, it is observed
that the underlay performance degradation due to overlay
is negligibly small for any number of underlay users. This
shows the effectiveness of the scrambling code selection
algorithm explained in Section IV-A in suppressing the
interference between the overlay and underlay users.

VI. CONCLUSIONS

In this paper two hybrid integrated MC-CDMA systems
are proposed to enhance the spectral efficiency and
interference mitigation in cognitive radio networks.

The first proposed system is a full-load MC-CDMA
system that maintains orthogonality between overlay
and underlay using OVSF codes. The modified MMSE
chip-level and symbol-level equalizers are also proposed.
The symbol-level scheme was shown to have better BER
performance than the chip-level in all PU occupancy
levels, at the expense of higher complexity. The benefit
with the full-load system is that the underlay works
independently from overlay, i.e., it does not need to detect
overlay symbols in order to detect underlay data. The
second is an overload system that uses the full signal
dimension for the overlay users, while the overload user
will utilize the underlay transmission using a two layered
spreading. The proposed underlay BER performance for
the overload and full-load scenarios are compared. It
is shown that the overload outperform the existing in
addition to its higher data rate. The system is then
extended to a multi-user underlay system. Simulation
results show that using the proposed code selection
algorithm, the underlay performance degradation due
to MAI with increasing number of underlay users is
negligible for up to 50% overload.

VII. APPENDIX

Substituting t. from (31) into the objective function of
(32), knowing that d = SCb,

J = E[((WH,,SCb + WH,,s,, + Wn) — b) (35)
((WH,,SCb + WH,,,s,,, + Wn) — b)"]
= WH,,SCR,,C"S"HIIW" — R,,WH,,SC  (36)
+ WH,,,R,,HLW" + WR,,,,W"
— Ry, C7SPHIWH + Ry, (37)

Differentiating the above expression with respect to w’

. : dy
and set it to O i.e W =

:stsSunCunR@CH SH Hg + WHPSRIJPHé{S

un - un

+wR,,,, — Ry, CZ sH HI — ¢,

un - un

(38)
Rearranging for w, the proof is completed.
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