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Abstract—We consider the problem of cognitive code-division
channelization (simultaneous power and code-channel allocation)
for secondary transmission links co-existing with an unknown
primary code-division multiple-access (CDMA) system. We first
develop a blind primary-user identification scheme to detect the
binary code sequences (signatures) utilized by primary users. To
create a secondary link we propose two alternative procedures
–one of moderate and one of low computational complexity– that
optimize the secondary transmitting power and binary codechannel assignment in accordance with the detected primary
code channels to avoid “harmful” interference. At the same
time, the optimization procedures guarantee that the signalto-interference-plus-noise ratio (SINR) at the output of the
maximum SINR linear secondary receiver is no less than a certain
threshold to meet secondary transmission quality of service (QoS)
requirements. The extension of the channelization problem to
multiple secondary links is also investigated. Simulation studies
presented herein illustrate the theoretical developments.
Index Terms—Blind user identification, code-channel allocation, code-division multiple-access, cognitive radio, dynamic
spectrum access, power allocation, signal-to-interference-plusnoise ratio.

I. I NTRODUCTION
ITH the rapid proliferation of a variety of consumer
oriented wireless devices, demand for access to radio
spectrum has been growing dramatically and the limited
available spectrum is becoming increasingly congested. At
the same time, location-dependent bands of pre-licensed radio
spectrum may experience low utilization [1]. Cognitive radio
(CR) is an emerging technology aiming at improving spectrum
utilization efficiency by allowing secondary users/networks to
opportunistically share radio spectrum originally licensed by
primary users/networks without causing “harmful” interference to them [2]-[5].
Cognitive radio networks can be categorized according to
two modes of operation: cooperation mode and coexistence
mode [6]. In cooperation mode, primary users cooperate
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with secondary users and share information to avoid mutual
interference. In coexistence mode, there is no form of cooperation and secondary users must have the ability to detect
the presence of primary users [7], [8] and change behavior
accordingly to avoid mutual interference.
Past work in the young field of cognitive code-division
channelization includes coexistence power control [9] as well
as distributed resource allocation of spectral bands, power,
and data rates among multiple secondary users for multicarrier CDMA systems [10]. Cooperation-mode bit rate and
spreading factor adjustments for a secondary CDMA system
under interference-minimizing code assignments were carried
out in [11]. In [12], [13], a secondary maximum signalto-interference-plus-noise ratio (SINR) code-division link is
designed subject to SINR requirements for the primary system
which is presumed known (cooperation-mode cognitive radio).
Outside the framework of cognitive code-division altogether,
interesting work in the form of joint beamforming and power
allocation algorithms was reported in [14]-[18]. In particular,
in [14] the radio frequency spectrum of interest was divided
into a set of multiple orthogonal channels and was shared
between primary and secondary networks using orthogonal
frequency division multiple access (OFDMA). In [15]-[17],
joint spatial-channel and power allocation algorithms for cognitive radio networks were developed. In [18], the authors
provide a solution for leasing spectrum for a fraction of time
to secondary users based on the idea that secondary nodes can
earn spectrum access in exchange for transmission assistance
to the primary link (cooperative communications paradigm).
In this work, we focus on coexistence-mode cognitive radio
and investigate the problem of establishing a secondary codedivision link coexisting with an unknown primary CDMA
system. In particular, we investigate –to the best of our
knowledge for the first time in the context of cognitive radio–
the problem of blindly identifying the binary codes/signatures
utilized by primary users when neither channel state information nor pilot signaling (training sequence) is available.
Then, we study the design of a power and binary-codechannel allocation protocol for the secondary link that will
not cause “harmful” interference to the existing primary users.
Since post-processing interference sensing is not feasible in
coexistence mode cognitive radio, to quantify “harm” we
use the periodic-total-square-correlation (PTSC) interference
metric in our optimization problem as the mathematical means
to protect co-channel primary users [2], [19], [20]. At the
same time, to satisfy quality-of-service (QoS) requirements for
the secondary link, the power and code-division optimization
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problem is constrained to have SINR at the output of the
maximum SINR linear receiver of the secondary link no less
than a certain threshold. We recognize that the above described
fundamental cognitive code-division radio formulation is, regretfully, a non-convex NP-hard problem. Yet, using herein
existing SINR-maximization signature design methodologies
we are able to develop novel, realizable suboptimum solutions of varying computational complexity with excellent
cognitive system performance characteristics as demonstrated
by simulation studies included in this paper. The theoretical
developments and experiments can be readily extended to
cover multiple secondary links alongside the primary CDMA
system.
The rest of this paper is organized as follows. The codedivision cognitive radio problem formulation is presented in
Section II. A novel primary user identification algorithm is
introduced in Section III. The power allocation and signature
design procedure for a secondary link is developed in Section
IV. In Section V, we extend the procedure to solve for multiple
secondary links. Simulation results are presented in Section VI
and, finally, a few conclusions are drawn in Section VII.
II. S YSTEM M ODEL AND P ROBLEM F ORMULATION
The following notation is used throughout this paper. Boldface lower-case letters indicate column vectors and boldface
upper-case letters indicate matrices; ℂ denotes the set of all
complex numbers, ()𝑇 and ()𝐻 denote the transpose and
transpose-conjugate operation, respectively; I𝐿 is the 𝐿 × 𝐿
identity matrix, ℜ𝔢{⋅} denotes the real part of a complex
number, sgn{⋅} denotes zero-threshold quantization, and 𝔼{⋅}
represents statistical expectation. Finally, ∣ ⋅ ∣, ∥ ⋅ ∥, and ∥ ⋅ ∥𝐹
are the scalar magnitude, vector norm, and matrix Frobenius
norm, respectively.
In the following, we consider a primary code-division system with a primary transmitter 𝑃 𝑇 and 𝐾 primary receivers
𝑃 𝑅𝑖 , 𝑖 = 1, 2, . . . , 𝐾, as shown in Fig. 1. The primary transmitter (for example, base station) 𝑃 𝑇 communicates downlink
with the 𝐾 primary receivers 𝑃 𝑅𝑖 , 𝑖 = 1, 2, . . . , 𝐾, over distinct code-division channels defined by individual normalized
binary codes/signatures s𝑖 = √1𝐿 {±1}𝐿 , 𝑖 = 1, 2, . . . , 𝐾,
where 𝐿 is the signature length (system processing gain). We
consider also a potential concurrent secondary code-division
link in the spectrum band of the primary downlink channel
between a secondary transmitter 𝑆𝑇 and receiver 𝑆𝑅. If
the primary system is frequency-division-duplex (FDD), then
the secondary 𝑆𝑇 -to-𝑆𝑅 link will work on the frequency
licensed to the downlink channel of the primary system and
can operate at any time. If the primary system is time-divisionduplex (TDD), then the secondary link can transmit data only
during the downlink slot of the primary system. The secondary
communication link is activated, whenever possible, with a
(normalized) binary signature c = √1𝐿 {±1}𝐿 and transmitting
power 𝑃 > 0. All transmitted signals, primary and secondary
when appropriate, are assumed/modeled to propagate over
multipath Rayleigh fading channels and experience additive
white Gaussian noise (AWGN).
We first assume that the secondary transmitter 𝑆𝑇 is quiet
and we examine how the signal sent by 𝑃 𝑇 is observed by
𝑆𝑅. After carrier demodulation, chip matched filtering and

Fig. 1. Primary/secondary code-division system model of a primary transmitter 𝑃 𝑇 , 𝐾 primary receivers 𝑃 𝑅𝑖 , 𝑖 = 1, 2, . . . , 𝐾, and a secondary
transmitter/receiver pair 𝑆𝑇 , 𝑆𝑅 (all received signals exhibit multipath
Rayleigh fading).

sampling at the chip rate over a presumed multipath extended
data bit period of 𝐿𝑀 = 𝐿 + 𝑀 − 1 chips where 𝑀 is
the number of resolvable multipaths, the observed data vector
y(𝑛) ∈ ℂ𝐿𝑀 by 𝑆𝑅 takes the following general form1
y(𝑛) =

𝐾 √
∑
𝐸𝑖 𝑏𝑖 (𝑛)Hs𝑖 + i + n, 𝑛 = 1, 2, . . . ,

(1)

𝑖=1

where H ∈ ℂ𝐿𝑀 ×𝐿 is the multipath channel matrix between
𝑃 𝑇 and 𝑆𝑅
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with entries ℎ𝑚 ∈ ℂ, 𝑚 = 1, . . . , 𝑀 , considered as complex
√ Gaussian random variables to model fading phenomena,
𝐸𝑖 > 0 and 𝑏𝑖 (𝑛) ∈ {±1} are the amplitude level and 𝑛th
transmitted bit of primary user 𝑖, 𝑖 = 1, . . . , 𝐾, respectively,
i ∈ ℂ𝐿𝑀 denotes multipath induced inter-symbol-interference
(ISI), and n is a zero-mean additive white Gaussian noise
(AWGN) vector with autocorrelation matrix 𝜎 2 I𝐿𝑀 . The
information bits 𝑏𝑖 (𝑛) are viewed as binary equiprobable
random variables that are independent within a user stream
(in 𝑛 = 1, 2, . . .) and across users (in 𝑖 = 1, 2, . . . , 𝐾). Since
the effect of ISI is, arguably, negligible for most applications
of practical interest where the number of resolvable multipaths
is much less than the processing gain, for mathematical convenience we will not consider the ISI terms in our theoretical
developments that follow2 . Thus, the primary users’ signal
1 Equation (1) assumes that 𝑆𝑅 is symbol-synchronous to 𝑃 𝑇 . While this is
not a technical requirement at all for the secondary link design problem set and
solved herein based on the periodic cross-channel total squared correlation,
it greatly simplifies the presentation and notation of this material.
2 However, naturally ISI will be considered and accounted for in our
simulation studies.
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observed by 𝑆𝑅 in (1) is simplified/approximated by
y(𝑛) =

𝐾 √
∑

𝐸𝑖 𝑏𝑖 (𝑛)Hs𝑖 + n, 𝑛 = 1, 2, . . . .

(3)

𝑖=1

In our cognitive system model, the secondary link is taken
to be chip-synchronous to the primary network (worst case
interference scenario) with the same chip rate and symbolsynchronous (see Footnote 1). Also, without loss of generality
and for simplicity in notation, we assume that the multipath
channels between 𝑃 𝑇 and 𝑃 𝑅𝑖 , 𝑖 = 1, . . . , 𝐾, 𝑃 𝑇 and 𝑆𝑅,
and 𝑆𝑇 and 𝑆𝑅, all have the same number of resolvable paths.
Then, when the secondary communication link is activated
with a (normalized) binary signature code c = √1𝐿 {±1}𝐿 and
transmit power 𝑃 > 0, the aggregate signal vector received
by 𝑆𝑅 can be expressed as
√
(4)
r(𝑛) = 𝑃 𝑏(𝑛)Gc + y(𝑛), 𝑛 = 1, 2, . . . ,
𝐿𝑀 ×𝐿

where G ∈ ℂ
is the 𝑆𝑇 to 𝑆𝑅 channel matrix with
multipath channel coefficients 𝑔𝑚 ∈ ℂ, 𝑚 = 1, . . . , 𝑀 , and
y(𝑛) is given by (3).
Information bit detection at 𝑆𝑅 is carried out via linear
maximum SINR filtering (or, equivalently, minimum mean
square error filtering) as follows
}
{
ˆ𝑏(𝑛) = sgn ℜ𝔢{w𝐻
(5)
𝑚𝑎𝑥𝑆𝐼𝑁 𝑅 r(𝑛)} , 𝑛 = 1, 2, . . . ,
where w𝑚𝑎𝑥𝑆𝐼𝑁 𝑅 = 𝑐R−1 Gc ∈ ℂ𝐿𝑀 , 𝑐 > 0, is
the maximum SINR filter and R = E{yy𝐻 } is the autocorrelation matrix of the y(𝑛) signal in (3) that constitutes primary-system disturbance to 𝑆𝑅. Practically, R
is estimated by averaging over 𝑁 ≥ 𝐿𝑀 observation
samples
r(𝑛) when 𝑆𝑇 is∑silent (𝑃 = 0), R̂(𝑁 ) =
𝑁
1 ∑𝑁
𝐻
𝐻
= 𝑁1
𝑛=1 r(𝑛)r(𝑛)
𝑛=1 y(𝑛)y(𝑛) . The output
𝑁
SINR of the filter w𝑚𝑎𝑥𝑆𝐼𝑁 𝑅 can be calculated to be
√
𝐻
( 𝑃 𝑏Gc)∣2 }
𝔼{∣w𝑚𝑎𝑥𝑆𝐼𝑁
{ 𝐻 𝑅
}
Γ≜
= 𝑃 c𝑇 G𝐻 R−1 Gc. (6)
𝔼 ∣w𝑚𝑎𝑥𝑆𝐼𝑁 𝑅 y∣2
To attain a certain QoS level for the secondary link, we need
to jointly design the binary signature c and the transmitting
power 𝑃 to have the SINR value Γ at the output of the maximum SINR filter w𝑚𝑎𝑥𝑆𝐼𝑁 𝑅 no less than a given threshold
𝛾 > 0, i.e. Γ ≥ 𝛾.
At the same time, due to the coexistence of the secondary
link with the primary network, interference is introduced to
the primary receivers. The secondary link is to be allowed to
activate only if the interference to each primary receiver is not
“harmful.” The difficulty is that in cognitive radio networks
operating in coexistence-mode, the primary network does not
cooperate/talk to secondary users and the latter do not have
global knowledge of system parameters, such as the multipath
channel coefficients [ℎ̃𝑖,1 , . . . , ℎ̃𝑖,𝑀 ] between 𝑃 𝑇 and 𝑃 𝑅𝑖 , or
the channel coefficients [˜
𝑔𝑖,1 , . . . , 𝑔˜𝑖,𝑀 ] between 𝑆𝑇 and 𝑃 𝑅𝑖,
𝑖 = 1, 2, . . . , 𝐾 (see Fig. 1), or the primary binary signatures
s𝑖 , 𝑖 = 1, . . . , 𝐾, in (3) and the filters utilized by each primary
user receiver3. Therefore, post-processing interference sensing
is not feasible.
3 In fact, even if global system parameter values (code channels, transmission power values, channel coefficients, receive filters) were to be provided
to the secondary system by the primary system, SINR optimized secondary
link design under primary-system SINR constraints is a non-convex, NP-hard
problem [12], [13].
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Toward a realistic, realizable solution to the problem of
coexistence secondary link design, we recall that the periodic
(cyclic) total squared cross-correlation (PTSC) value [19], [20]
is a useful measure to evaluate multiple access interference
(MAI) when channels exhibit multipath behavior. In this spirit,
we propose to use the PTSC value as a metric to evaluate
the interference caused by the secondary link. For notational
simplicity, let s𝑖∣𝑙 , 𝑖 = 1, . . . , 𝐾, denote the cyclic rightshifted version of s𝑖 ∈ √1𝐿 {±1}𝐿 , by 𝑙 bit positions when
𝑙 = 0, 1, . . . , 𝐿 − 1, and cyclic left-shifted version of s𝑖 by 𝑙
bit positions when 𝑙 = 0, −1, . . . , 1 − 𝐿, (hence, s𝑖∣0 = s𝑖 ).
The PTSC between signatures c and s𝑖 for multipath shifts up
to lag 𝑀 is defined as
PTSC(c, s𝑖 ) ≜

𝑀
∑

∣c𝑇 s𝑖∣𝑙 ∣2 , 𝑖 = 1, . . . , 𝐾.

(7)

𝑙=−𝑀

In this context, we define the generalized correlation interference by a secondary link with power 𝑃 > 0 to the 𝑖th
primary receiver as
ℐ𝑖 ≜ 𝑃 ⋅ PTSC(c, s𝑖 ), 𝑖 = 1, . . . , 𝐾.

(8)

We understand that ℐ𝑖 serves as a simple “worst-case” measure
of the effect of the secondary link on the 𝑖th primary user.
Then, in this context, the secondary link can be activated by
assigning a signature c and power 𝑃 > 0 if the interference to
every primary user is less than a threshold ℐth > 0: ℐ𝑖 < ℐth
∀𝑖 = 1, . . . , 𝐾. If
ℐ𝑚𝑎𝑥 ≜ 𝑚𝑎𝑥{ℐ𝑖 : 𝑖 = 1, . . . , 𝐾}

(9)

is the strongest generalized interference to primary receivers,
the activation condition is equivalent to ℐ𝑚𝑎𝑥 < ℐth .
Our objective is to jointly design the binary signature c
and the transmitting power 𝑃 > 0 for the secondary link to
minimize ℐ𝑚𝑎𝑥 under the constraint that the secondary link
achieves its pre-determined SINR requirement 𝛾:
minimize

𝑃 >0, c∈ √1𝐿 {±1}𝐿

ℐ𝑚𝑎𝑥 ≜ 𝑚𝑎𝑥{𝑃 ⋅PTSC(c, s𝑖 ) : 𝑖 = 1, . . . , 𝐾}

s. t. Γ ≜ 𝑃 c𝑇 G𝐻 R−1 Gc ≥ 𝛾.

(10)
(11)

Then, if the resulting minimized ℐ𝑚𝑎𝑥 is indeed less than ℐth ,
the secondary link can be activated; otherwise, it is kept idle.
The cognitive code-division channelization problem formulated in (10), (11) requires knowledge of all active primaryuser binary signatures s𝑖 , 𝑖 = 1, . . . , 𝐾, for the evaluation
of the created interference in the form of PTSC(c, s𝑖 ),
𝑖 = 1, . . . , 𝐾. However, in our assumed coexistence mode
of operation, the secondary network cannot obtain such
knowledge directly from primary networks. Therefore, before
starting to solve the channelization problem in (10), (11), the
secondary network needs to blindly detect (i) the number of
active primary users 𝐾 and (ii) their binary signatures s𝑖 ,
𝑖 = 1, . . . , 𝐾. With respect to item (i) (population size identification problem), we can utilize for example the algorithm
developed recently in [21]. Due to space limitations, in this
paper we do not deal further with this issue and instead assume
that 𝐾 is correctly identified. With respect to item (ii), in the
next section we develop an iterative-least-square (ILS)-based
procedure that can blindly detect the primary users’ binary
signatures s𝑖 , 𝑖 = 1, . . . , 𝐾, from the observed primary signal
y(𝑛).
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TABLE I
I TERATIVE LEAST- SQUARES PROCEDURE
1) 𝑑 := 0; initialize B̂(0) ∈ {±1}𝐾×𝑁 arbitrarily.
2) 𝑑 := 𝑑 + 1;
[
]−1
V̂(𝑑) := Y(B̂(𝑑) )𝑇 (B̂(𝑑) )(B̂(𝑑) )𝑇
;
{ [[
]}
]−1
(V̂(𝑑−1) )𝐻 Y .
B̂(𝑑) := sgn ℜ𝔢 (V̂(𝑑−1) )𝐻 (V̂(𝑑−1) )
3) Repeat Step 2 until (B̂(𝑑) , V̂(𝑑) ) = (B̂(𝑑−1) , V̂(𝑑−1) ).

III. P RIMARY- SYSTEM I DENTIFICATION
If we denote the (energy inclusive) channel processed
signature by
△ √
(12)
v𝑖 = 𝐸𝑖 Hs𝑖 , 𝑖 = 1, 2, . . . , 𝐾,
then the observed signal in (3) can be expressed as
y(𝑛) =

𝐾
∑

v𝑖 𝑏𝑖 (𝑛) + n = Vb(𝑛) + n, 𝑛 = 1, 2, . . . , (13)

𝑖=1

where V𝐿𝑀 ×𝐾 ≜ [v1 , . . . , v𝐾 ] is the effective signature
matrix and b(𝑛) ≜ [𝑏1 (𝑛), . . . , 𝑏𝐾 (𝑛)]𝑇 is the vector of bits
for all 𝐾 users at the 𝑛th transmission period. If 𝑆𝑅 is able
to collect 𝑁 observation vectors y(𝑛), 𝑛 = 1, 2, . . . , 𝑁 , then
(13) can be rewritten in matrix form as
Y = VB + N

(14)

where Y ∈ ℂ𝐿𝑀 ×𝑁 is the observation matrix, B ≜
[b(1), . . . , b(𝑁 )] is the 𝐾 × 𝑁 data matrix that contains the
𝑁 bits transmitted for each of the 𝐾 primary users, and N is
an 𝐿𝑀 × 𝑁 Gaussian noise matrix.
To detect the binary signatures s𝑖 , 𝑖 = 1, . . . , 𝐾, we first
estimate the channel processed signature set V from the
observation matrix Y. Our approach begins by formulating
the signature set estimation problem as a joint detection and
estimation problem with the following least squares (LS)
solution
V̂, B̂ = arg

min

B∈{±1}(𝐾×𝑁 ),

∥Y − VB∥2𝐹 .

(15)

V∈ℂ𝐿𝑀 ×𝐾

The above LS solution is maximum-likelihood optimal as
long as N is white Gaussian. In any case, regretfully, joint
detection and estimation by (15) has complexity exponential
in 𝑁 𝐾. We consider this cost unacceptable and attempt to
reach a quality approximation of the solution by alternating
least squares estimates of V and B, iteratively, as described
below.
A. Iterative Least Squares Procedure
The basic idea behind such an iterative least squares (ILS)
solution [22]-[25] is to compute an LS update of one of
the unknown (matrix) parameters conditioned on a previously
obtained estimate of the other (matrix) parameter and continue
on until convergence is observed. The iterative least-squares
procedure for the solution of our problem in (15) is presented
in Table I. Superscripts in Table I denote the iteration index.
Derivation details are presented in the Appendix.

We understand that convergence of the developed iterative
least squares procedure to a globally optimal LS-solution of
(15) is not guaranteed in general. The quality (least-squares
fit) of the end convergence point depends heavily on the
initialization point and arbitrary initialization –which at first
sight is unavoidable for blind primary system identification–
offers little assurance that the iterative scheme will lead
us to appropriate, “reliable” (close to minimal least-squares
fit) solutions. Re-initialization and re-execution4 of the ILS
procedure is always possible but the challenge is how to assess
whether solutions returned by the ILS procedure are reliable
or not without any side information or pilot signaling. The
rest of this section is devoted to addressing this challenge.
Since B̂ and V̂ are jointly detected and estimated, correspondingly, if one is not reliable, neither is the other in general.
We first examine the reliability of the bit matrix decision
B̂ = [b̂1 , . . . , b̂𝐾 ]𝑇 returned by the ILS procedure of Table I.
The sample cross-correlation between any two bit streams is
𝜂𝑖,𝑗 ≜ b̂𝑇𝑖 b̂𝑗 /𝑁, 𝑖 ∕= 𝑗, 𝑖, 𝑗 = 1, . . . , 𝐾.

(16)

Formally, the true information bits are independent within
user streams and across users. If 𝜂𝑖,𝑗 were to be viewed
as approximately normally distributed with zero mean and
variance 𝑁1 , then the probability of ∣𝜂𝑖,𝑗 ∣, 𝑖 ∕= 𝑗, being
larger than, say, the threshold value √3𝑁 is very low at
about 0.3% (we can calculate Pr(∣𝜂𝑖,𝑗 ∣ > √3𝑁 ) ≈ 0.003).
Motivated by this calculation, we introduce below Criterion
1 that classifies convergence points of the ILS procedure in
Table I as “unreliable” based on the sample statistics of the
returned data matrix B̂.
Criterion 1: If ∣𝜂𝑖,𝑗 ∣ > √3𝑁 for some 𝑖 ∕= 𝑗 ∈ {1, 2, . . . , 𝐾},

then (B̂, V̂) returned by the ILS procedure in Table I are
classified as “unreliable.”
■
Criterion 1 provides the means for coarse identification of
unreliable solutions. An unreliable convergence point would
then trigger re-initialization and re-execution of the ILS
procedure in Table I. To enhance the end accuracy of the
blind primary-system identification procedure, we propose one
additional criterion based on the returned estimated effective
signature matrix V̂. We will motivate our proposal by examining the normalized cross-correlation between the estimated
channel processed signatures v̂𝑖 returned by the ILS procedure
upon convergence and the true channel processed signatures
v𝑖 , 𝑖 = 1, . . . , 𝐾. Based on 𝑁 = 128 snapshots for a system
with 𝐾 = 4 primary users with equal 6dB SNR and processing
gain 𝐿 = 31 (Gold signature codes), we run the Criterion
1-equipped ILS procedure 20 times. The distribution of the
v̂𝐻 v
twenty returned solutions of 𝜃𝑖 ≜ ∥v̂𝑖𝑖∥∥v𝑖𝑖 ∥ for signal 𝑖 = 1
in Fig. 2 (representative of all other signals) reveals that (𝑖)
Criterion 1 is not by itself sufficient to eliminate erroneous
solutions, however (𝑖𝑖) there exist “reliable” regions/clusters
in which most of the Criterion 1-equipped ILS convergence
points lie close to the true channel processed signatures. The
basic idea behind our second and final refinement of the ILS
blind primary-system identification procedure is to identify
and average these reliable clustered estimates. Of course,
4 In practical implementations, re-initialization and re-execution of the ILS
procedure may also be needed whenever numerical instabilities create a rank
deficient matrix B̂(𝑑) in Table I and B̂(𝑑) B̂(𝑑)𝑇 is not invertible.
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TABLE II
C ROSS -C ORRELATION E NHANCED ILS

0.2

For 𝑗 := 1 to 𝐷
1) Execute ILS of Table I with arbitrary initialization and obtain
estimates v̂𝑖 , 𝑖 = 1, . . . , 𝐾.
2) If estimates are reliable according to Criterion 1,
(𝑗)
let v̂𝑖 := v̂𝑖 , 𝑖 = 1, . . . , 𝐾;
else go to 1).
End
For 𝑖 := 1 to 𝐾
3) Identify reliable estimates of v𝑖 according to Criterion 2.
4) Calculate average over all reliable estimates v̂𝑖 by (19).
End

0.15

Im{θ1}

0.1

0.05

0

−0.05

−0.1

−0.15
0.7
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0.75

0.8

0.85

0.9

0.95

1

5) Set V̂ ≜ [v̂1 , . . . , v̂𝐾 ].
6) Execute ILS of
initialization]}
{ Table
[(I with )
−1
𝐻
𝐻
(0)
B̂
= sgn ℜ𝔢
.
V̂ V̂
V̂ Y

Re{θ1}

{

[(

)−1

]}

Fig. 2. Experimentation with ILS of Table I under Criterion 1: Distribution
of normalized cross-correlation between v̂1 and v1 after twenty runs (𝐾 =
4, 𝐿 = 31, 𝑁 = 128, SNR𝑖 = 6dB, 𝑖 = 1, 2, 3, 4).

initialized at B̂

identification of the reliable estimates is not a trivial task due
to our complete lack of knowledge of v𝑖 (or s𝑖 ).

ILS with both Criteria 1 and 2 incorporated Cross-Correlation
Enhanced ILS (CC-ILS) and summarize the complete procedure in Table II.

In this context, assume that we have 𝐷 estimates of v𝑖
(𝑗)
denoted by v̂𝑖 , 𝑖 = 1, . . . , 𝐾, 𝑗 = 1, . . . , 𝐷, obtained by
𝐷 runs of the Criterion 1-equipped ILS procedure. From the
(𝑗)
example of Fig. 2, we notice that reliable estimates v̂𝑖 of
v𝑖 have high normalized cross-correlation (close to 1) with
each other, while they have low normalized cross-correlation
with other unreliable estimates of v𝑖 . In contrast, unreliable
estimates tend to have low normalized cross-correlation with
(𝑗)
each other. Therefore, the reliability of v̂𝑖 may be quantified
(𝑡)
by examining the sum-cross-correlation with the rest v̂𝑖 , 𝑡 ∕=
𝑗,
𝐷
(𝑗)𝐻 (𝑡)
∑
∣v̂𝑖 v̂𝑖 ∣
(𝑗)
.
(17)
𝜌𝑖 ≜
(𝑗)
(𝑡)
𝑡=1,𝑡∕=𝑗 ∥v̂𝑖 ∥∥v̂𝑖 ∥
A reasonable threshold value for binary reliability classification may be the average value
𝜌𝑖 ≜

𝐷
1 ∑ (𝑗)
𝜌 , 𝑖 = 1, . . . , 𝐾,
𝐷 𝑗=1 𝑖

(18)

utilized in the proposed Criterion 2 below.
(𝑗)
Criterion 2: Let v̂𝑖 be the estimates of v𝑖 returned by
𝐷 arbitrary initializations of the Criterion 1-equipped ILS
(𝑗)
procedure of Table I, 𝑖 = 1, . . . , 𝐾, 𝑗 = 1, . . . , 𝐷. If 𝜌𝑖 ≥ 𝜌𝑖 ,
(𝑗)
then v̂𝑖 is considered a reliable estimate of the v𝑖 ; otherwise
we declare it as unreliable.
■
Next, we average our reliable (according to Criterion 2)
estimates of the channel processed signatures v𝑖 to produce
one last high-quality initialization of the ILS algorithm of
Table I. Let 𝒮𝑖 denote the set of all reliable estimates of v𝑖
according to Criterion 2 and let ∣𝒮𝑖 ∣ denote the cardinality of
𝒮𝑖 . Our averaged estimate of the matrix V is now given by
V̂ with
[
]
1 ∑ (𝑗)
V̂ ≜ v̂1 , . . . , v̂𝐾 where v̂𝑖 =
v̂𝑖 , 𝑖 = 1 . . . , 𝐾,
∣𝒮𝑖 ∣
𝑗∈𝒮𝑖
(19)
i.e. v̂𝑖 is the average over all reliable estimates of v𝑖 according
to Criterion 2. We execute ILS in Table I a final time

(0)

= sgn

ℜ𝔢

𝐻

V̂ V̂

𝐻

V̂ Y

. We dub

B. Detection of Primary Binary Signatures
After obtaining an estimated (energy inclusive) channel
processed signature set V̂ by CC-ILS of Table II, we develop
another procedure to extract the individual primary binary
signatures s𝑖 , 𝑖 = 1, . . . , 𝐾, by decomposition of V̂. The
channel processed signatures can be rewritten as
√
v𝑖 = 𝐸𝑖 S𝑖 h, 𝑖 = 1, . . . , 𝐾,
(20)
where h = [ℎ1 , . . . , ℎ𝑀 ]𝑇 and
⎡ 𝑠 (1)
𝑖
⎢
⎢
⎢
..
⎢
⎢
.
S𝑖 ≜ ⎢
⎢
⎢ 𝑠 (𝐿)
⎢ 𝑖
⎢
⎣
0

..

..

0

.

.

⎤

⎥
⎥
⎥
⎥
𝑠𝑖 (1) ⎥
⎥
⎥
..
⎥
.
⎥
⎥
⎦
𝑠𝑖 (𝐿)

.

(21)

𝐿𝑀 ×𝑀

If the binary signatures
√ s𝑖 , 𝑖 = 1, . . . , 𝐾, were known, by (20)
we could estimate 𝐸𝑖 h as
√
ˆ
𝐸𝑖 h = (S𝑇𝑖 S𝑖 )−1 S𝑇𝑖 v̂𝑖 , 𝑖 = 1, . . . , 𝐾,
(22)
where v̂𝑖 is the 𝑖th column of matrix V̂. Then, a quality
estimate of h (scaled) could be produced by averaging,
ĥ =

𝐾
1 ∑√
ˆ
𝐸𝑖 h,
𝐾 𝑖=1

(23)

to create a matrix channel estimate Ĥ by (2). Given Ĥ (and
v̂𝑖 ), one could detect the binary signatures by
{
}
1
ŝ𝑖 = √ sgn ℜ𝔢{(Ĥ𝐻 Ĥ)−1 Ĥ𝐻 v̂𝑖 } , 𝑖 = 1, . . . , 𝐾. (24)
𝐿
The proposed individual binary signature extraction algorithm
from V̂ is now ready. Initialize s𝑖 ∈ √1𝐿 {±1}𝐿 , 𝑖 = 1, . . . , 𝐾,
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and the SINR constraint (11) is always satisfied with equality.
Then, the optimization problem in (10) is equivalent to

1

minimize ℐ𝑚𝑎𝑥 = 𝑚𝑎𝑥{𝑃 ⋅ PTSC(c, s𝑖 ) : 𝑖 = 1, . . . , 𝐾}

Probability of identification

0.9

c∈ √1 {±1}𝐿
𝐿

s. t. 𝑃 =

0.8

0.6

0.4
3

K=4, N=256
K=4, N=384
K=4, N=512
K=8, N=256
K=8, N=384
K=8, N=512
4

5

6

7

8

SNR (dB)

9

10

11

𝑖=1,...,𝐾

12

Fig. 3. Performance of blind primary-users identification algorithm: Primary
transmitter 𝑃 𝑇 has 𝐾 downlink users with length 𝐿 = 31 Gold signatures.
The transmitted signal propagates over a 3-path Rayleigh fading channel to
secondary receiver 𝑆𝑅 that collects 𝑁 observation samples to run Table II
procedure followed by execution of (22)-(24).

arbitrarily, and alternate computation between (22), (23), and
(24), iteratively. Stop when convergence is observed5.
To illustrate briefly the proposed primary binary signature
detection algorithm, we consider a primary downlink CDMA
system with 𝐾 = 4 or 𝐾 = 8 active users that utilize
Gold signatures with length 𝐿 = 31. The primary users’
signals are transmitted with equal power over a multipath
Rayleigh fading channel with 𝑀 = 3 resolvable paths in
the presence of additive white Gaussian noise. 𝑆𝑅 is able
to collect 𝑁 = 256, 384, or 512 observation samples and
employs our proposed method to extract the primary users’
binary signatures. The experiment is repeated 105 times with
randomly drawn channel coefficients. In Fig. 3, we plot the
probability of correct identification of all binary signatures,
Pr(ŝ𝑖 = s𝑖 ∀𝑖 = 1, . . . , 𝐾), as a function of SNR. It can be
seen that even under low/moderate SNR values the proposed
method can correctly extract all signatures with sufficient
sample support (secondary receiver observation time interval).
It is worth pointing out that, experimentally, when errors do
occur only one or two signatures have few chip-bit errors only.
Having addressed the blind primary system identification
problem -arguably- satisfactorily, in the next section we attempt to solve the secondary power and code-channel allocation problem of (10) to enable most frequent activation of the
secondary link.

IV. S ECONDARY C ODE -D IVISION L INK C HANNELIZATION
The secondary link has to satisfy the SINR constraint (11);
namely, that the SINR of the secondary receiver 𝑆𝑅 at the
maximum-SINR linear filter output is no less than a QoS
requirement 𝛾: 𝑃 c𝑇 G𝐻 RGc ≥ 𝛾, 𝛾 > 0. To that respect,
it suffices to set the power value 𝑃 > 0 to
𝑃 =

𝛾
c𝑇 G𝐻 RGc

(26)

The maximum generalized correlation interference ℐ𝑚𝑎𝑥 is
the product of two components, transmit power 𝑃 and maximum PTSC value. Thus, to minimize ℐ𝑚𝑎𝑥 we need to design
a binary signature c to minimize the product of the required
transmit power 𝑃 = c𝑇 G𝐻𝛾 RGc times 𝑚𝑎𝑥 {PTSC(c, s𝑖 )}.

0.7

0.5

𝛾
c𝑇 G𝐻 RGc .

(25)

5 The iterative procedure may be re-executed with distinct initialization if
convergence cannot be observed after sufficient iterations.

This problem is still non-convex NP-hard (see Footnote 1 and
[12], [13]). We must, therefore, pursue (disjoint) suboptimal
design procedures if we wish to keep the computational
complexity manageable. At first, we look at minimizing 𝑃
alone. The binary signature c that minimizes 𝑃 maximizes
the denominator of (25) which is the 𝑆𝑅 output SINR with
unit 𝑆𝑇 transmit power:
c = arg

max

c∈ √1 {±1}𝐿

c𝑇 Ac

(27)

𝐿

where A ≜ G𝐻 RG. At this point, the SINR-maximizing
binary signature designs of polynomial complexity developed
in [26], [27] can be used directly. We recall that in [26]
the binary signature vector is optimized under a rank-2 approximation of the matrix A, while in [27] the arcs of least
SINR decrease from the real maximum SINR solution are
evaluated. Both algorithms first generate 𝐿 candidate binary
signatures6 , denoted by q𝑗 ∈ √1𝐿 {±1}𝐿 , 𝑗 = 1, . . . , 𝐿, which
can provide high output SINR. Then, the signature among
them with highest output SINR is selected. While the highestSINR signature minimizes the transmitting power 𝑃 required
to satisfy any given QoS constraint, it may result to high values
of PTSC with respect to primary user signatures and consequently let the secondary link introduce strong interference to
the primary system. Therefore, we propose to evaluate all 𝐿
binary signatures q𝑗 ∈ √1𝐿 {±1}𝐿 , 𝑗 = 1, . . . , 𝐿, returned by
the solver of (27) in [26] or [27] in our interference metric
for the 𝑖th primary user
ℐ𝑗,𝑖 = 𝑃𝑗 ⋅ PTSC(q𝑗 , s𝑖 ), 𝑗 = 1, . . . , 𝐿; 𝑖 = 1, . . . , 𝐾, (28)
and find the maximal generalized correlation interference
value caused by q𝑗 , ℐ𝑗,𝑚𝑎𝑥 = max{ℐ𝑗,𝑖 : 𝑖 = 1, . . . , 𝐾},
𝑗 = 1, . . . , 𝐿. Then, we choose the signature, power pair
(q𝑗 ∗ , 𝑃𝑗 ∗ ) which has the least maximal interference. If the
resulting maximal interference by (q𝑗 ∗ , 𝑃𝑗 ∗ ) is introduced
to the 𝑖∗ th primary user, i.e. ℐ𝑗 ∗ ,𝑖∗ = min{ℐ𝑗,𝑚𝑎𝑥 : 𝑗 =
1, . . . , 𝐿}, and still ℐ𝑗 ∗ ,𝑖∗ < ℐth , the secondary link is allowed
to access the channel by assigning signature c = q𝑗 ∗ and
power 𝑃 = 𝑃𝑗 ∗ . We refer to this method of selecting a pair
of signature and power from the candidate set as passive
interference suppression and outline the procedure in Table
III.
The secondary link design method in Table III exclusively
focuses on transmit power minimization. The PTSC factor
6 We recall that [27] finds (𝐿𝑇 −𝑇 +1) binary sequences that are closest to
𝑇 arcs of least SINR decrease in the 𝑙2 sense. In this paper, we only consider
one slowest descent arc and generate 𝐿 binary sequences. This is sufficient
to closely approximate the performance level reached when all 𝐿 − 1 slowest
descent arcs are considered.
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TABLE III
S ECONDARY L INK S IGNATURE AND P OWER D ESIGN W / PASSIVE
I NTERFERENCE S UPPRESSION

TABLE IV
S ECONDARY L INK S IGNATURE AND P OWER D ESIGN W / A CTIVE
I NTERFERENCE AVOIDANCE

Input A := G𝐻 RG
Obtain q𝑗 , 𝑗 = 1, . . . , 𝐿 as solution candidates for (27) by [26] or [27].
Calculate 𝑃𝑗 , 𝑗 = 1, . . . , 𝐿, by (25).
Calculate ℐ𝑗,𝑖 , 𝑗 = 1, . . . , 𝐿, 𝑖 = 1, . . . , 𝐾, by (28) and
ℐ𝑗,𝑚𝑎𝑥 = 𝑚𝑎𝑥{ℐ𝑗,𝑖 : 𝑖 = 1, . . . , 𝐾}.
Select 𝑗 ∗ , 𝑖∗ such that ℐ𝑗 ∗ ,𝑖∗ = 𝑚𝑖𝑛{ℐ𝑗,𝑚𝑎𝑥 : 𝑗 = 1, . . . , 𝐿}.
Output 𝑃𝑗 ∗ , q𝑗 ∗ , and ℐ𝑗 ∗ ,𝑖∗ .
If ℐ𝑗 ∗ ,𝑖∗ < ℐth ,
transmit on channel 𝑞𝑗 ∗ with power 𝑃𝑗 ∗ ;
else seize

is, of course, evaluated and accounted for in (28) but not
actively optimized (minimized). To further reduce the maximum interference caused to the primary system and further
improve the chances of spectrum sharing, we next propose
to iteratively adjust the binary channel signature to actively
avoid interference by jointly reducing the PTSC value with
the most impacted at each time 𝑖∗ th primary user’s signature
s𝑖∗ , as well as minimize
the transmit power. ]
[
Define S̃𝑖∗ ≜ s𝑖∗ ∣−𝑀 , . . . , s𝑖∗ ∣0 , . . . , s𝑖∗ ∣𝑀 and calculate PTSC(c, s𝑖∗ ) = c𝑇 S̃𝑖∗ S̃𝑇𝑖∗ c. To combine the SINRoptimization problem of (27) with the PTSC suppression
task, after executing the procedure in Table III we update
A = G𝐻 RG − 𝛼S̃𝑖∗ S̃𝑇𝑖∗ where 𝛼 > 0 is an introduced
weighting factor. Then, by re-executing the procedure in
Table III with the updated A, we obtain a new optimal
pair (q𝑗 ∗ , 𝑃𝑗 ∗ ) and new maximum-interference ℐ𝑗 ∗ ,𝑖∗ . If the
new maximum-interference ℐ𝑗 ∗ ,𝑖∗ is reduced, we iteratively
update A ← A − 𝛼S̃𝑖∗ S̃𝑇𝑖∗ and re-execute the algorithm in
Table III. This procedure will be stopped when the maximum
interference cannot be suppressed further. We outline the
procedure in Table IV.
Duplexing of the secondary link can be implemented in
TDD mode by switching the roles of transmitter and receiver.
The reverse secondary link can be activated by a new pair of
transmit power and channel code/signature values calculated
by the same algorithm in Table III or IV to satisfy reverse
link QoS requirements. The following section is devoted to
the generalization of the channelization problem to multiple
secondary receivers (one-to-many secondary downlink transmissions).
V. D ESIGN OF M ULTIPLE S ECONDARY C ODE -D IVISION
L INKS
In this section, we extend the study to cover code-division
channelization for multiple secondary links. Particularly, as
shown in Fig. 4, we consider the scenario where an 𝑆𝑇
attempts to communicate downlink with 𝑄 potential 𝑆𝑅𝑠7 . Let
𝒞 = {1, . . . , 𝑄} be the set of all secondary link indices which
attempt to share the radio spectrum. Among the 𝑄 potential
secondary links, 𝐾𝑆 ≥ 0 secondary links will be activated by
assigning to each a (normalized) signature c𝑘 = √1𝐿 {±1}𝐿
and transmitting power 𝑃𝑘 > 0, 𝑘 ∈ 𝒮 ⊆ 𝒞 where 𝒮 represents
the set of active secondary links.
7 Multiple one-to-many secondary downlinks may be treated sequentially
establishing one secondary downlink at a time using techniques presented in
this section, treating previously established secondary downlinks as part of a
“virtual primary system.”
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Input R, G, and s𝑖 , 𝑖 = 1, . . . , 𝐾
𝑑 := 0.
A := G𝐻 RG.
Obtain 𝑃𝑗 ∗ , q𝑗 ∗ , and ℐ𝑗 ∗ ,𝑖∗ by Table III.
𝑑
𝑃 𝑑 := 𝑃𝑗 ∗ , c𝑑 := q𝑗 ∗ , ℐ𝑚𝑎𝑥
:= ℐ𝑗 ∗ ,𝑖∗ .
(𝑑−1)
𝑑
< ℐ𝑚𝑎𝑥
While 𝑑 = 0 or ℐ𝑚𝑎𝑥
𝑑 := 𝑑 + 1;
A ← A − 𝛼S̃𝑖∗ S̃𝑇
𝑖∗ ;
obtain 𝑃𝑗 ∗ , q𝑗 ∗ , and ℐ𝑗 ∗ ,𝑖∗ by Table III;
𝑑
:= ℐ𝑗 ∗ ,𝑖∗ .
𝑃 𝑑 := 𝑃𝑗 ∗ , c𝑑 := q𝑗 ∗ , ℐ𝑚𝑎𝑥
End
(𝑑−1)
Output 𝑃 (𝑑−1) , c(𝑑−1) , and ℐ𝑚𝑎𝑥 .
𝑑−1
If ℐ𝑚𝑎𝑥
< ℐth ,
transmit on channel c(𝑑−1) with power 𝑃 (𝑑−1) ;
else seize.

Fig. 4.
Primary/secondary code-division system model of a primary
transmitter 𝑃 𝑇 , 𝐾 primary receivers 𝑃 𝑅𝑖 , 𝑖 = 1, 2, . . . , 𝐾, a secondary
transmitter 𝑆𝑇 , and 𝑄 secondary receivers 𝑆𝑅𝑖 , 𝑖 = 1, 2, . . . , 𝑄 (all receives
signals exhibit multipath Rayleigh fading).

The discrete time received signal vector of the 𝑘th 𝑆𝑅 can
be expressed as
r𝑘 (𝑛) =

∑ √
√
𝑃𝑘 𝑏𝑘 (𝑛)G𝑘 c𝑘 +
𝑃𝑗 𝑏𝑗 (𝑛)G𝑘 c𝑗 + y𝑘 (𝑛),
𝑗∈𝒮,𝑗∕=𝑘

𝑘 ∈ 𝒮, 𝑛 = 1, 2, . . . ,

(29)

where G𝑘 ∈ ℂ𝐿𝑀 ×𝐿 is the channel matrix constructed by
the multipath channel coefficients [𝑔𝑘,𝑀 , . . . , 𝑔𝑘,𝑀 ] between
the secondary transmitter and the 𝑘th secondary receiver and
y𝑘 represents comprehensively MAI from all primary users
plus AWGN.
{ The}autocorrelation matrix of y𝑘 is denoted by
R𝑘 ≜ E y𝑘 y𝑘𝐻 . The output SINR of the 𝑘th secondary
receiver filter w𝑚𝑎𝑥𝑆𝐼𝑁 𝑅,𝑘 is given by
−1
Γ𝑘 = 𝑃𝑘 c𝑇𝑘 G𝐻
𝑘 R̃𝑘 G𝑘 c𝑘

(30)
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where

⎛
R̃𝑘 = G𝑘 ⎝

∑

⎞
𝑃𝑗 c𝑗 c𝑇𝑗 ⎠ G𝐻
𝑘 + R𝑘

(31)

𝑗∈𝒮,𝑗∕=𝑘

is the autocorrelation matrix of the combined channel disturbance. To satisfy a certain QoS requirement, each active
secondary link is supposed to surpass a pre-determined SINR
value 𝛾𝑘 > 0, i.e. we need Γ𝑘 ≥ 𝛾𝑘 for each 𝑘 ∈ 𝒮. At the
same time, interference caused to the primary system needs to
be kept in check. To evaluate the interference introduced by
all active secondary links to the 𝑖th primary user, we define
the cumulative generalized correlation interference
∑
𝑃𝑘 ⋅ PTSC(c𝑘 , s𝑖 ), 𝑖 = 1, . . . , 𝐾.
(32)
ℐ𝑖 =

TABLE V
C OGNITIVE C ODE -D IVISION C HANNELIZATION FOR M ULTIPLE
S ECONDARY L INKS
𝒞 := {1, . . . , 𝑄}; 𝒮 := ∅.
While ∣𝒞∣ > 0
Calculate R̃𝑘 ∀𝑘 ∈ 𝒞 by (31).
Obtain 𝑃𝑘 , c𝑘 ℐ𝑚𝑎𝑥,𝑘 ∀𝑘 ∈ 𝒞 by Table IV.
Find 𝑡 ∈ 𝒞 s. t. ℐ𝑚𝑎𝑥,𝑡 = 𝑚𝑖𝑛{ℐ𝑚𝑎𝑥,𝑘 : 𝑘 ∈ 𝒞}.
Update powers 𝑃𝑘 , 𝑘 ∈ {𝒮, 𝑡} by (34).
Calculate ℐ𝑖 , 𝑖 = 1, . . . , 𝐾, by (32) (with the updated powers).
If ℐ𝑖 < ℐth ∀ 𝑖 = 1, . .∪
. , 𝐾,
𝒞 = 𝒞∖{𝑡}; 𝒮 = 𝒮 {𝑡}.
else
𝒞 = ∅.
Endif
End
Output {(𝑃𝑗 , c𝑗 ) : 𝑗 ∈ 𝒮} (activated secondary channels).

𝑘∈𝒮

Our objective is to maximize the number of active secondary links 𝐾𝑆 = ∣𝒮∣ under the constraints that each
secondary link achieves its pre-determined SINR 𝛾𝑘 and the
cumulative interference to each primary user is less than a
threshold ℐth > 0:

additional secondary links with the same procedure; otherwise,
𝑧 is rejected and no more secondary link are allowed to share
the spectrum. The complete algorithm is summarized in Table
V.

maximize 𝐾𝑆
s. t. Γ𝑘 (c𝑘 , 𝑃𝑘 ) ≥ 𝛾 ∀ 𝑘 ∈ 𝒮 and ℐ𝑖 < ℐth ∀ 𝑖 = 1, . . . , 𝐾.(33)

VI. E XPERIMENTAL S IMULATION S TUDIES
To illustrate the presented algorithmic developments, we
consider a primary multiuser CDMA system with 𝐾 active
users that utilize Gold signatures with length 𝐿 = 31. The
primary users’ signals are transmitted with equal per-user
power 𝐸1 = 𝐸2 = . . . = 𝐸𝐾 = 10dB over a multipath
Rayleigh fading channel with 𝑀 = 3 resolvable paths in
the presence of additive white Gaussian noise. At first, one
secondary link attempts to share the spectrum with target
receiver filter output SINR 𝛾 = 10dB.
The secondary link code channel and power are optimized
by the algorithm in Table III (passive interference suppression)
and Table IV (active interference avoidance). Specifically,
we utilize the rank-2 SINR-maximization binary signature
design method [26] and set the weighting factor for the
algorithm in Table IV to 𝛼 = 0.05. If the resulting maximum
generalized correlation interference is less than the threshold
ℐth , the secondary link is allowed to share the spectrum. The
simulation experiment is repeated 105 times. With varying
primary user population 𝐾 = 2, 10, 18, the probability of
coexistence of a secondary link is plotted in Fig. 5 as a
function of ℐth . While the Table III algorithm behaves arguably- satisfactorily, it can be observed that the active
interference avoidance algorithm of Table IV can significantly
enhance the opportunity of coexistence of a secondary link.

This problem is, again, non-convex NP-hard. Motivated by the
single secondary link channelization algorithm of Table IV
(with active interference avoidance) in the previous section,
we propose instead to -centrally at the secondary transmitter
(base station) 𝑆𝑇 - successively activate one secondary link at
a time in a way that it introduces conditionally least cumulative
interference until the accumulated interference exceeds the
threshold ℐth for some primary user. The details of the
algorithm are described as follows. Initially set 𝒮 = ∅.
Utilizing the algorithm in Table IV, we individually evaluate each secondary link 𝑘 ∈ 𝒞 and obtain the signature
c𝑘 , transmitting power 𝑃𝑘 , and the maximum generalized
interference value ℐ𝑚𝑎𝑥,𝑘 caused to a primary user by the
potential secondary link with design (c𝑘 , 𝑃𝑘 ). Among the 𝑄
potential links, we select the one, say the 𝑡th secondary link,
which introduces least maximum generalized interference,
i.e. ℐ𝑚𝑎𝑥,𝑡 = 𝑚𝑖𝑛{ℐ𝑚𝑎𝑥,𝑘 : 𝑘 ∈ 𝒞}. If ℐ𝑚𝑎𝑥,𝑡 < ℐth ,
the 𝑡th secondary link is turned on with code channel c𝑡
and power 𝑃𝑡 ; if link 𝑡 did go through, we continue on
examining the remaining 𝒞 − {𝑡} candidates by the algorithm
in Table IV under the cumulative generalized interference
metric in (32) since one secondary link is already activated.
Say potential secondary link 𝑧 ∈ 𝒞 − {𝑡} is the one with
ℐ𝑚𝑎𝑥,𝑧 = 𝑚𝑖𝑛{ℐ𝑚𝑎𝑥,𝑘 : 𝑘 ∈ 𝒞 − {𝑡}} and still ℐ𝑚𝑎𝑥,𝑧 < ℐth
(if ℐ𝑚𝑎𝑥,𝑧 ≥ ℐth , link 𝑧 is rejected and no further study is
required). Since the incoming secondary link 𝑧 also interferes
with the existing secondary link 𝑡 and may degrade its
output SINR below the minimum acceptable level, we adjust
iteratively the transmitting power of each secondary link by
calculating
𝛾𝑘
𝑃𝑘 =
, 𝑘 = 𝑡, 𝑧,
(34)
𝑇
𝐻
c𝑘 G𝑘 R̃−1
𝑘 G𝑘 c𝑘
until convergence is observed. With the updated powers, we
evaluate the cumulative generalized interference in (32) one
more time. If all ℐ𝑖 , 𝑖 = 1, . . . , 𝐾, are below the threshold, the
𝑧th secondary link is turned on and we move on to identify

Next, under the same primary system simulation environment, we examine the problem of cognitive code-division
channelization for multiple secondary links. The receiver
output SINR requirement for each secondary link is set at
𝛾𝑗 = 10dB, 𝑗 = 1, 2, . . .. The average number of activated
secondary links by the algorithm in Table V is plotted in Fig.
6 as a function of the interference threshold ℐth for varying
primary user population 𝐾. In Fig. 7, we plot the average
number of active secondary links versus the number of primary
users for varying interference threshold values ℐth . The experiments demonstrate that the developed multiple secondary link
channelization method can effectively produce multiple active
secondary links and enhance spectrum efficiency.
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ful interference to primary users.
Cognitive code-division radios combine in principle the
bandwidth efficiency characteristics of cognitive operation
and code-division multiple accessing and are expected to
find a place in future communication systems. To that
extend, the developments presented in this paper constitute
an early contribution that can be helpful in benchmarking
future efforts. Since the developed herein coexistence-mode
cognitive networks do not require any prior knowledge about
the primary networks (such as signatures, transmission energy,
channel state information), the secondary networks can be
deployed transparently without any modification/upgrade of
the existing primary CDMA infrastructure.
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Table V versus interference threshold ℐth for varying primary user population
𝐾.

VII. C ONCLUSIONS
We considered the general problem of establishing a secondary code-division link alongside a primary code-division
multiple-access system. We first developed a novel iterative
least square (ILS) based primary-system identification algorithm which can blindly detect the code channels utilized by
primary users. Then, we proposed two alternative schemes,
one of low (passive scheme) and one of moderate (active
scheme) computational complexity that optimize transmitting
power and binary code-channel allocation of the secondary
link without causing “harmful” interference to the primary
users. At the same time, the signal-to-interference-plus-noise
ratio (SINR) of the secondary link at the output of the
maximum SINR linear receiver is no less than a certain
threshold to meet quality of service (QoS) requirements for
the secondary link. Finally, we extended the channelization
problem to multiple code-division secondary links.
Simulation results demonstrated that the proposed blind
identification algorithm can efficiently and effectively detect
primary users’ code channels and the proposed code-division
channelization methods can successfully allow secondary links
to opportunistically share the spectrum without causing harm-

A PPENDIX A
D ERIVATION OF I TERATIVE L EAST-S QUARES P ROCEDURE
IN TABLE I
The LS cost function in (15) can be rewritten as
{
}
{
}
𝐽 = ∥Y − VB∥2𝐹 = tr YY 𝐻 − tr YB𝐻 V𝐻
}
{
}
{
−tr VBY 𝐻 + tr VBB𝐻 V𝐻 (35)
where tr{⋅} denotes the trace of a matrix.
For a given B, the LS optimal estimate of V can be obtain
by differentiating the cost function 𝐽 with respect to V𝐻 and
setting the outcome equal to the zero matrix,
∂𝐽
= −YB𝐻 + V(BB𝐻 ) = 0 ⇒ V = YB𝐻 (BB𝐻 )−1 .
∂V𝐻
(36)
Next, pretend that V is known and relax the domain of the
symbol information matrix to the complex space, B ∈ ℂ𝐾×𝑁 .
The LS optimal estimate of B ∈ ℂ𝐾×𝑁 can be calculated
again by differentiation
∂𝐽
= −V𝐻 Y + V𝐻 VB = 0 ⇒ B = (V𝐻 V)−1 V𝐻 Y.
∂B𝐻
(37)
Finally, we project (quantize) the complex-valued LS estimate
B to the binary domain
]}
{ [
(38)
B = sgn ℜ𝔢 (V𝐻 V)−1 V𝐻 Y .
■

3752

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 10, NO. 11, NOVEMBER 2011

R EFERENCES
[1] Shared Spectrum Co., “General survey of radio frequency bands 30 MHz to 3 GHz,” Shared Spectrum Company Report, Aug. 2010.
Available: http://www.sharedspectrum.com.
[2] FCC, “US Federal Communications Commission Spectrum
Policy Task Force, Report of the Unlicensed Devices and
Experimental Licenses Working Group,” Nov. 2002. Available:
http://www.fcc.gov/sptf/files/E&UWGFinalReport.pdf
[3] J. Mitola and G. Q. Maguire, “Cognitive radio: making software radios
more personal,” IEEE Personal Commun., vol. 6, pp. 13–18, 1999.
[4] J. Mitola, Software Radios: Wireless Architecture for the 21st Century.
Wiley, 2000.
[5] S. Haykin, “Cognitive radio: brain-empowered wireless communications,” IEEE J. Sel. Areas Commun., vol. 23, pp. 201–220, Feb. 2005.
[6] J. M. Peha, “Sharing spectrum through spectrum policy reform and
cognitive radio,” Proc. IEEE, vol. 97, pp. 708–719, Apr. 2009.
[7] G. Ganesan, Y. Li, B. Bing, and S. Li, “Spatiotemporal sensing in
cognitive radio networks,” IEEE J. Sel. Areas Commun., vol. 26, pp.
5–12, Jan. 2008.
[8] Z. Quan, S. Cui, A. H. Sayed, and H. V. Poor, “Optimal multiband
joint detection for spectrum sensing in cognitive radio networks,” IEEE
Trans. Wireless Commun., vol. 57, pp. 1128–1140, Mar. 2009.
[9] Y. Xing, C. Mathur, M. A. Haleem, R. Chandramouli, and K. P.
Subbalakshmi, “Dynamic spectrum access with QoS and interference
temperature constraints,” IEEE Trans. Mobile Comp., vol. 6, pp. 423–
433, Apr. 2007.
[10] Q. Qu, L. B. Milstein, and D. R. Vaman, “Cognitive radio based multiuser resource allocation in mobile ad hoc networks using multi-carrier
CDMA modulation,” IEEE J. Sel. Areas Commun., vol. 26, pp. 70–82,
Jan. 2008.
[11] M. Kashef, M. Abdallah, A. Elezabi, and M. Khairy, “System parameter
selection for asymmetric underlay CDMA networks with interferenceminimizing code assignment,” in Proc. IEEE 10th Workshop on Signal
Proc. Advances in Wireless Comm., June 2009, pp. 722–726.
[12] K. Gao, S. N. Batalama, D. A. Pados, and J. D. Matyjas, “Cognitive
CDMA channelization,” in Proc. Asilomar Conf. Signals, Syst., and
Comp., Nov. 2009, pp. 672–676.
[13] K. Gao, S. N. Batalama, D. A. Pados, and J. D. Matyjas, “Cognitive
code-division channelization,” IEEE Trans. Wireless Commun., vol. 10,
pp. 1090–1097, Apr. 2011.
[14] A. T. Hoang and Y.-C. Liang, “Downlink channel assignment and power
control for cognitive radio networks,” IEEE Trans. Wireless Commun.,
vol. 7, pp. 3106–3117, Aug. 2008.
[15] R. Zhang and Y.-C. Liang, “Exploiting multi-antennas for opportunistic
spectrum sharing in cognitive radio networks,” IEEE J. Sel. Topics
Signal Process., vol. 23, pp. 88–120, Feb. 2008.
[16] L. Zhang, Y.-C. Liang, and Y. Xin, “Joint beamforming and power
allocation for multiple access channels in cognitive radio Networks,”
IEEE J. Sel. Areas Commun., vol. 26, pp. 38–51, Feb. 2005.
[17] R. Zhang, F. Gao, and Y.-C. Liang, “Cognitive beamforming made practical: effective interference channel and learning-throughput tradeoff,”
IEEE Trans. Commun., vol. 58, pp. 706–718, Feb. 2010.
[18] O. Simeone, I. Stanojev, S. Savazzi, Y. Bar-Ness, U. Spagnolini,
and R. Pickholtz, “Spectrum leasing to cooperating secondary ad hoc
networks,” IEEE J. Sel. Areas Commun., vol. 26, pp. 203–213, Jan.
2008.
[19] H. Ganapathy and D. A. Pados, “Optimal binary signature sets under
cyclic shifts,” in Proc. IEEE Military Comm. Conf., Oct. 2005, vol. 2,
pp. 890–896.
[20] H. Ganapathy, D. A. Pados, and G. N. Karystinos, “New bounds and
optimal binary signature sets—part I: periodic total squared correlation,”
IEEE Trans. Commun., vol. 59, pp. 1123–1132, Apr. 2011.
[21] M. Li, S. N. Batalama, and D. A. Pados, “Population size identification
for CDMA eavesdropping,” in Proc. IEEE Military Comm. Conf., Oct.
2007.
[22] S. Talwar, M. Viberg, and A. Paulraj, “Blind seperation of synchronous
co-channel digital signals using an antenna array—part I: algorithms,”
IEEE Trans. Signal Process., vol. 44, pp. 1184–1197, May 1996.
[23] T. Li and N. D. Sidiropoulos, “Blind digital signal separation using
successive interference cancellation iterative least squares,” IEEE Trans.
Signal Process., vol. 48, pp. 3146–3152, Nov. 2000.
[24] M. Gkizeli, D. A. Pados, S. N. Batalama, and M. J. Medley “Blind
iterative recovery of spread-spectrum steganographic messages,” in Proc.
IEEE Intern. Conf. on Image Proc., Sep. 2005, vol. 2, pp. 1098–1101.
[25] M. Li, S. N. Batalama, D. A. Pados, and J. D. Matyjas, “Multiuser
CDMA signal extraction,” in Proc. IEEE Military Comm. Conf., Oct.
2006.
[26] G. N. Karystinos and D. A. Pados, “Rank-2-optimal adaptive design of
binary spreading codes,” IEEE Trans. Inf. Theory, vol. 53, pp. 3075–
3080, Sep. 2007.

[27] L. Wei, S. N. Batalama, D. A. Pados, and B. W. Suter, “Adaptive binary
signature design for code-division multiplexing,” IEEE Trans. Wireless
Commun., vol. 7, pp. 2798–2904, July 2008.

Ming Li (M’11) received the M.S. and Ph.D.
degrees in Electrical Engineering from the State
University of New York at Buffalo in 2005 and
2010, respectively. He is currently a Postdoctoral
Research Associate with the Signals, Communications, and Networking Group, Department of Electrical Engineering, State University of New York
at Buffalo. His research interests include wireless
multiple access communications, statistical signal
processing, cognitive radio, covert communications,
steganography and steganalysis. Dr. Li is a member
of the IEEE Communications and Signal Processing Societies.

Stella N. Batalama (S’91, M’94) received the
Diploma degree in computer engineering and science (5-year program) from the University of Patras,
Greece in 1989 and the Ph.D. degree in electrical
engineering from the University of Virginia, Charlottesville, VA, in 1994.
In 1995 she joined the Department of Electrical
Engineering, State University of New York at Buffalo, Buffalo, NY, where she is presently a Professor.
Since 2009, she is serving as the Associate Dean for
Research of the School of Engineering and Applied
Sciences and since 2010, she is serving as the Chair of the Electrical
Engineering Department. During the summers of 1997-2002 she was Visiting
Faculty in the U.S. Air Force Research Laboratory (AFRL), Rome, NY. From
Aug. 2003 to July 2004 she served as the Acting Director of the AFRL Center
for Integrated Transmission and Exploitation (CITE), Rome NY.
Her research interests include small-sample-support adaptive filtering and
receiver design, cooperative communications, cognitive networks, underwater
communications, covert communications, steganography, compressive sampling, adaptive multiuser detection, robust spread-spectrum communications,
supervised and unsupervised optimization. Dr. Batalama was an associate
editor for the IEEE C OMMUNICATIONS L ETTERS (2000-2005) and the IEEE
T RANSACTIONS ON C OMMUNICATIONS (2002-2008).

Dimitris A. Pados (M’95) was born in Athens,
Greece, on October 22, 1966. He received the
Diploma degree in computer science and engineering (five-year program) from the University of Patras, Greece, in 1989, and the Ph.D. degree in electrical engineering from the University of Virginia,
Charlottesville, VA, in 1994.
From 1994 to 1997, he held an Assistant Professor
position in the Department of Electrical and Computer Engineering and the Center for Telecommunications Studies, University of Louisiana, Lafayette.
Since August 1997, he has been with the Department of Electrical Engineering, State University of New York at Buffalo, where he is presently a
Professor. He served the Department as Associate Chair in 2009-2010. Dr.
Pados was elected three times University Faculty Senator (terms 2004-06,
2008-10, 2010-12) and served on the Faculty Senate Executive Committee in
2009-10.
His research interests are in the general areas of communication systems
and adaptive signal processing with an emphasis on wireless multipleaccess
communications, spread-spectrum theory and applications, coding and sequences, cognitive channelization and networking.
Dr. Pados is a member of the IEEE Signal Processing, Communications,
Information Theory, and Computational Intelligence Societies. He served as
an Associate Editor for the IEEE S IGNAL P ROCESSING L ETTERS from
2001 to 2004 and the IEEE T RANSACTIONS ON N EURAL N ETWORKS
from 2001 to 2005. He received a 2001 IEEE International Conference
on Telecommunications best paper award, the 2003 IEEE T RANSACTIONS
ON N EURAL N ETWORKS Outstanding Paper Award, and the 2010 IEEE
International Communications Conference Best Paper Award in Signal Processing for Communications for articles that he coauthored with students and
colleagues. Professor Pados is a recipient of the 2009 SUNY-system-wide
Chancellor’s Award for Excellence in Teaching and the 2011 University at
Buffalo Exceptional Scholar - Sustained Achievement Award.

LI et al.: COGNITIVE CODE-DIVISION LINKS WITH BLIND PRIMARY-SYSTEM IDENTIFICATION

Tommaso Melodia (M’07) is an Assistant Professor
with the Department of Electrical Engineering at
the University at Buffalo, The State University of
New York (SUNY). He received his Ph.D. in Electrical and Computer Engineering from the Georgia
Institute of Technology in 2007. He had previously
received his “Laurea” (integrated B.S. and M.S.) and
Doctorate degrees in Telecommunications Engineering from the University of Rome “La Sapienza,”
Rome, Italy, in 2001 and 2006, respectively. He
coauthored a paper that was recognized as the Fast
Breaking Paper in the field of Computer Science for February 2009 by Thomson ISI Essential Science Indicators, and a paper that received an Elsevier Top
Cited Paper Award. He is an Associate Editor for several journals, including
Computer Networks (Elsevier), IEEE C OMMUNICATIONS S URVEYS AND
T UTORIALS , ACM/Springer Wireless Networks, and European Transactions
on Telecommunications (Wiley). He has served on the technical program
committees of several leading conferences in wireless communications and
networking, including IEEE Infocom, ACM Mobicom, and ACM Mobihoc.
He will be the Technical Program Committee Vice Chair for IEEE Globecom
2013 and the Technical Program Committee Vice Chair for Information
Systems for IEEE INFOCOM 2013. His current research interests are in
modeling, optimization, and experimental evaluation of wireless networks,
with applications to cognitive and cooperative networking, multimedia sensor
networks, and underwater networking.

3753

Michael J. Medley (S’91 – M’95 – SM’02) received
the B.S., M.S. and Ph.D. degrees in electrical engineering from Rensselaer Polytechnic Institute, Troy,
NY, in 1990, 1991 and 1995, respectively.
Since 1991, he has been a research engineer
for the United States Air Force at the Air Force
Research Laboratory, Rome, NY, where he has been
involved in communications and signal processing
research related to adaptive interference suppression,
spread spectrum waveform design, covert messaging, and airborne networking and communications
links. In 2002, he joined the State University of New York Institute of
Technology in Utica, NY where he currently serves as an Associate Professor
and Coordinator of the Electrical and Computer Engineering program.
Dr. John D. Matyjas received the A.S. degree in
pre-engineering from Niagara University in 1996
and the B.S., M.S., and Ph.D. degrees in electrical
engineering from the State University of New York
at Buffalo in 1998, 2000, and 2004, respectively. He
is employed since 2004 by the Air Force Research
Laboratory in Rome, NY, performing R&D in the
area of information connectivity. His research interests are in the areas of cognitive wireless multipleaccess communications and networking, statistical
signal processing and optimization, and neural networks. Additionally, he serves as an advisor and adjunct faculty for the
Department of Electrical & Computer Engineering at the State University
of New York Institute of Technology at Utica/Rome.
Dr. Matyjas is the recipient of the 2010 IEEE Int’l Communications
Conf. “Best Paper Award,” 2009 Mohawk Valley Engineering Executive
Council “Engineer of the Year” Award and the 2009 Fred I. Diamond Basic
Research Award for “best technical paper.” He is a member of the IEEE
Communications, Information Theory, Computational Intelligence, and Signal
Processing Societies; chair of the IEEE Mohawk Valley Chapter Signal
Processing Society; and a member of the Tau Beta Pi and Eta Kappa Nu
engineering honor societies.

