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Abstract—In this paper we design, implement, and exper-
imentally evaluate a wireless software-defined radio platform
for cognitive channelization in the presence of narrowband or
wideband primary stations. Cognitive channelization is achieved
by jointly optimizing the transmission power and the waveform
channel of the secondary users. The process of joint resource
allocation requires no a-priori knowledge of the transmission
characteristics of the primary user and maximizes the signal-
to-interference-plus-noise ratio (SINR) at the output of the
secondary receiver. This is achieved by designing waveforms
that span the whole continuum of available/device-accessible
spectrum, while satisfying a peak power constraint for the
secondary users and an interference temperature (IT) constraint
for the primary users. We build a four-node software-defined
radio testbed and experimentally demonstrate in an indoor
laboratory environment the theoretical concepts of all-spectrum
cognitive channelization in terms of pre-detection SINR and bit-
error-rate (BER) at both primary and secondary receivers.

Index Terms—Cognitive underlay network, all-spectrum chan-
nelization, software-defined radio, testbed implementation

I. INTRODUCTION

Cognitive Radio (CR) has emerged as a promising technol-
ogy for improving spectrum utilization efficiency [1]–[4]. In
this paper we are interested in the deployment of secondary
links that operate in “gray spaces” and coexist with unknown
narrowband [5] or wideband primary stations [6]–[8]. Contrary
to conventional cognitive radio proposals [9], [10] where
secondary users sense the whole spectrum for available/void
only frequency bands, all-spectrum cognitive channelization
considers secondary users that operate concurrently in fre-
quency and time with primary users in an underlay fashion.
This is achieved by optimizing the transmission power and
waveform channel of the secondary users in a way that
satisfies pre-defined interference temperature constraints at the
primary receiver, while at the same time maximizes the signal-
to-interference-plus-noise ratio (SINR) at the output of the
secondary receiver. The novelty of the all-spectrum cognitive
channelization approach originates from the treatment of all-
hardware accessible frequency spectrum, space, and time as
a unified resource to be dynamically managed according to
intra- and inter-network interference conditions.

Different paradigms for shared access such as overlay,
underlay, and interweave are described in [11]. Underlay
paradigms have been extensively investigated in the literature
using analytical tools and simulation platforms, however their
hardware realization is yet quite challenging. For example,
past work in the field of all-spectrum cognitive channelization

investigated the design of maximum SINR secondary wide-
band links that cooperate [6], [7] or simply coexist without
any form of cooperation [8] with primary wideband users,
while at the same time satisfy the quality-of-service (QoS)
requirements for both the primary and the secondary links. In
[5] a joint resource allocation and admission control algorithm
is proposed to minimize the total energy consumption in
a secondary code-division network coexisting with a nar-
rowband primary system. In the context of multiple-antenna
cognitive underlay secondary links, the work in [12], [13]
exploits information exchange in the primary feedback control
channel and proposes effective cognitive beamforming and
interference avoidance algorithms, while the work in [14] de-
scribes an experimental prototype for multiple-input-multiple-
output (MIMO) cognitive beamforming. Experimental work
for spectral coexistence of wideband networks and narrowband
stations in unlicensed “white-spaces” (unused spectrum bands)
is presented in [15] and [16], respectively.

In this manuscript we present a practical deployment of
all-spectrum cognitive channelization in a four-node software-
defined radio (SDR) testbed. More specifically, we design
and implement cognitive transmitter and receiver architectures
that experimentally demonstrate the theoretical concepts of
channelization in the presence of unknown primary users (i.e.
narrowband or wideband). Within this context, we present an
integrated complete hardware/software implementation of the
secondary system and address comprehensively implementa-
tion challenges related to frame detection, carrier frequency
and time synchronization, multipath channel estimation, and
maximum-SINR filtering in the presence of primary users.
In addition, we design and implement an adaptive scheme
for optimizing the transmission waveform and power at the
secondary transmitter that ensures QoS requirements both at
the primary user and at the secondary link. The proposed
algorithm provides a suboptimal solution to a well-known non-
convex NP-hard optimization problem, and offers a methodol-
ogy to experimentally realize the performance enhancements
of cognitive channelization. The capabilities of the proposed
experimental testbed of a complete cognitive SDR system
operating in “gray spaces” are demonstrated in terms of SINR
and bit-error-rate (BER) performance at both the primary and
the secondary receivers.

In summary, our objective is to provide a comprehensive
system design for experimental evaluation of all-spectrum
cognitive channelization on a SDR testbed. We present an
integrated complete hardware/software implementation of the
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secondary receiver and address design challenges that arise in
deployment conditions of the integrated system and are usually
absent in simulation-based implementations of specific parts
of the system components [17], [18].

The rest of the paper is organized as follows. In Section II,
we introduce the system model. Section III presents secondary
receiver considerations and Section IV discusses the specifics
of the cognitive channelization algorithm. Section V describes
the SDR testbed setup and provides experimental results
that demonstrate the performance of the proposed cognitive
scheme. A few concluding remarks are drawn in Section VI.

II. SYSTEM MODEL

We consider the design and implementation of a secondary
link (secondary transmitter-receiver pair) operating on the
same frequency band and concurrently with a primary sta-
tion (Fig. 1). The secondary user transmits binary antipodal
information symbols bs(i) ∈ {±1}, i = 0, . . . , J − 1 at rate
1/T , modulated by a signal waveform ds(t) of duration T . If
fc denotes the common carrier frequency, then the transmitted
signal of the secondary user STx can be expressed as

xs(t) =
J−1∑

i=0

bs(i)
√

Esds(t − iT )ej(2πfct+φs), (1)

where Es > 0 denotes transmitted energy per bit and φs is
the receiver carrier phase relative to the secondary transmitter’s
local oscillator. The information symbols bs(i) are modulated
by a distinct digital waveform ds(t) given by

ds(t) =
L−1∑

l=0

ss(l)gTd(t − lTd), (2)

where ss(l) ∈ 1√
L
{±1} is the l-th waveform-bit of the

digital waveform assigned to the secondary transmitter, gTd(·)
is a pulse shaping square-root-raised-cosine (SRRC) filter of
duration Td, and T = LTd is the waveform duration (period).

The transmitted signal of primary users PTxk, k =
1, . . . ,K can be expressed as

xp(t) =
J−1∑

i=0

bp(i)
√

Epdp(t − iT )ej(2πfct+φp), (3)

where bp(i) ∈ {±1} are the transmitted information sym-
bols, Ep > 0 is the bit energy, fc denotes the common
carrier frequency, and φp is the corresponding carrier phase.
For the narrowband case, dp(t) = gT (t) is a SRRC pulse
shaper, while for the all-spectrum wideband case dp(t) =∑L−1

l=0 sp(l)gTd(t − lTd) denotes the digital waveform with
sp(l) ∈ 1√

L
{±1}, and Td = T/L.

All signals are considered to propagate over Rayleigh mul-
tipath fading channels and experience complex additive white
Gaussian noise (AWGN) at the receiver. Multipath fading
is modeled by a linear tapped-delay line with taps that are
spaced at Td intervals and are weighted by independent fading
coefficients. We note that low-cost, commodity transceivers
commonly introduce carrier frequency offsets ∆f , between
transmitter-receiver pairs, mainly due to the radios’ clock
crystal instabilities and inaccuracies introduced by the man-
ufacturing process. Therefore, the received baseband signal

PTx
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h h ],…, K,NK,1[
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K
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. . .

q q ],…, 1,N1,1[
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qss[ qss ],…, N1

Fig. 1. Primary/secondary cognitive underlay system model of K primary
transmitters PTxk , k = 1, . . . , K, a primary receiver PRx, and a secondary
transmitter-receiver pair STx-SRx.

at the secondary receiver SRx after carrier demodulation is
modeled appropriately by

r(t) =
J−1∑

i=0

bs(i)
N−1∑

n=0

√
Esh̃

ss
n ds(t − iT − nTd − τ ss)

· e−j2π∆ft + i(t) + n(t) (4)

where N denotes the total number of resolvable paths, and
h̃ss

n = hss
n e−j(2πfcnTd+2πfcτss

n −φs) are the complex baseband
channel coefficients with hss

n , n = 0, . . . , N − 1, modeled as
independent zero-mean complex Gaussian random variables
that remain constant over Td, τss

n denotes comprehensively
the transmission and multipath propagation delay of the n-th
path, while i(t) and n(t) model primary users transmissions
and additive noise, respectively.

III. SECONDARY RECEIVER DESIGN

In this section we present system design considerations
related to frame detection, carrier frequency offset compen-
sation, symbol time synchronization, channel estimation and
maximum SINR filtering of the received signal at the sec-
ondary receiver in the presence of narrowband or wideband
primary users. We focus on low-complexity software-defined
receivers that can effectively address system design issues that
arise in a real-world deployment of a cognitive software-radio.

A typical SDR platform consists of an analog front-
end that is responsible for up/down-conversion of digi-
tal baseband/analog information signals and includes low-
pass/bandpass filters, mixers and amplifiers for signal condi-
tioning. The analog front-end interfaces with high sample rate
analog-to-digital (AD)/digital-to-analog (DA) converters that
sample analog/digital waveforms for reception/transmission.
Baseband processing usually takes place either in a field-
programmable-gate-array (FPGA) or a host-PC via a high-
speed data bus.

A. Frame Detection

Assuming frame-based transmissions from both primary and
secondary users, we adopt the philosophy of a low-complexity
frame detection technique, widely employed in WLAN-based
protocols [19]. However, contrary to the repeating pattern
of short-preamble training sequences [19], [20] we exploit



the autocorrelation properties of the digital waveform ds(t)
(known a-priori at the receiver). The frame structure of the
secondary link is summarized in Fig. 2. The first P bits of
each frame are unmodulated (i.e. equal to 1) which implies
that the first P replicas of the digital waveform ds(t) are also
unmodulated.

Let fs = 1
Ts

and I = Td
Ts

be the secondary receiver’s
sampling rate and the number of samples per code-bit used for
interpolation at STx, respectively. Then, for the k-th received
sample from the AD converter, r[k] △= r(kTs) we implement
a moving average over a variable window Pwin as follows

R[k] =
Pwin−1∑

m=0

r[k + m]r∗ [k + m + LI] . (5)

We conducted several experiments and found that a window
of size Pwin ≃ 6% · P · L · I (i.e. 6% of the preamble’s
training samples) performs well in the presence of multiple
primary users signals. By defining the average power of the
k-th received sample, as P [k] △=

∑Pwin−1
m=0 |r[k + m]|2, the

following frame timing metric is independent of the power
level of the received samples:

W [k] △=
|R[k]|
P [k]

. (6)

In our implementation we identify beginning of a frame if
W [k] > Θ for a number of consecutive samples and for a user-
defined threshold Θ ∈ [0, 1]. We note that in the absence of
intersymbol interference (ISI) and multiple-access interference
(MAI), W [k] reaches a plateau that extends over P · L · I
samples.

B. Carrier Frequency Offset Estimation and Compensation
After we acquire the beginning of a frame, we need to

compensate for the frequency offset created by the mismatch
between the clock oscillators of both the STx-SRx and PTxk-
SRx, k = 1, . . . , K pairs. A quality estimate ∆̂f , can be
obtained by exploiting the pattern of the P · L · I preamble
training samples as in [21], which results in the following sim-
ple waveform-bit-level-correlation frequency offset estimator

∆̂f =
1

2πLI
∠

(P−1)LI−1∑

i=0

r [i] r∗ [i + LI] . (7)

We can therefore compensate for the frequency offset in the
acquired frame (provided that ∆f is constant over a frame
duration) by applying ∆̂f to the k-th received sample as
follows

y[k] △= y(kTs) = r(kTs) exp(j2π∆̂fkTs). (8)

C. Symbol Time Synchronization
The received samples y[k] are now ready for pulse matched

filtering and sampling at rate 1/Td over the multipath extended
symbol period of L + N − 1 waveform-bits. After discarding
the first P preamble bits, the received data

y =

⎡

⎢⎣

y[τ0]
y [τ0 + I]

...
y [τ0 + ((J − P )L + N − 2)I]

⎤

⎥⎦ ∈ C((J−P )L+N−1)×1 (9)
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Fig. 2. Frame structure for the STx-SRx secondary link.

are ready for maximum SINR filtering and detection of the
information bits of the secondary user bs(i), i = 0, . . . , J−P−
1. However, there is a timing uncertainty regarding the sample
y[k] that corresponds to the beginning of the first symbol.
In our testbed implementation we address this problem by
allocating at each frame header a number of training access
code bits denoted by PAC . Then, τ0 ∈ [0, PACLI), PAC ∈ Z.
The estimate for τ0 is acquired by calculating and buffering
all possible (PACL)-shifted crosscorrelation matrices

R(l) = E{y(l)
i yH

ACi
}, l = 0, . . . ,PACL − 1 (10)

where

y(l)
i =

⎡

⎢⎣

y [(iL + l)I]
y [(iL + l + 1)I]

...
y [(i + 1)L + N + l − 2)I]

⎤

⎥⎦, i = 0, . . . , J − P − 1,

(11)

and

yACi =

⎡

⎣
bs(P + i)ss(0)

...
bs(P + i)ss(L − 1)

⎤

⎦, i = 0, . . . , PAC − 1, (12)

and yACi = [0 . . . 0]T , for i = PAC , . . . , J − P − 1.
Then, the beginning of the first symbol is obtained as in

[18]

τ̂0 = arg max
l∈{0,...,PACL−1}

{
||R(l)||2

}
. (13)

Given τ̂0 and with respect to the i-th bit, we can re-write the
received data vector after chip-matched filtering and sampling
at the chip rate 1/Td in the following form

yi = [y]((τ̂0+iL)I):I:((τ̂0+L+N−2+iL)I) , (14)

which is equivalent to

yi =
√

Esbs(P + i)Hssss + pi + ni, i = 0, . . . , J − P − 1
(15)

where Hss ∈ C(L+N−1)×L is the multipath fading channel
matrix given as follows

Hss =
N−1∑

n=0

h̃ss
n

[ 0n×L
IL×L
0(N−n−1)×L

]
. (16)

We assume that ni ∼ CN (0,σ2
nIL+N−1) represents complex

zero-mean white Gaussian noise, while pi accounts for the
unknown primary users signals.



D. Channel Estimation
To estimate the channel coefficients hss =[

h̃ss
1 , h̃ss

2 , . . . h̃ss
N

]T
for the secondary user of interest

we resort to the training access code bits PAC . We re-write
(15) as follows

yi =
√

Esbs(P + i)Sshss + pi + ni, i = 0, . . . , J − P − 1
(17)

where Ss is the channel processed waveform matrix

Ss
△=

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ss(1) 0
. . .

...
... ss(1)

ss(L)
...

. . .
0 ss(L)

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(L+N−1)×N

. (18)

We estimate the (scaled) channel coefficients by averaging the
input vectors yi over the known access code bits bs(P + i),
i = 0, . . . , PAC − 1, ( [8]) i.e.

√̂
Esh

ss
= (SH

s Ss)−1SH
s

1
PAC

PAC−1∑

i=0

yib
∗
s(P + i), (19)

and we create a matrix channel estimate Ĥss by (16).

E. Maximum SINR RAKE Filtering
Maximum SINR RAKE filtering takes advantage of both

the RAKE principle that exploits the N received paths as well
as the theory of linearly constrained minimum variance filters
[22], [23]. The work in [24] finds the finite-impulse-response
(FIR) filter w that minimizes the energy at the output of the
filter subject to the constraint that the output of the multipath
channel for the secondary user of interest remains constant,
(e.g. wHw||R−MF|| = 1) where

wR−MF
△= Ĥssss, w||R−MF||

△=
wR−MF

||wR−MF||
(20)

are the (L + N − 1)-tap RAKE-matched-filter (MF) and its
normalized version, respectively. The solution to this optimiza-
tion problem results in the minimum-variance-distortionless-
response (MVDR) or, equivalently, maximum-SINR filter
structure given by the following expression

wmaxSINR
△=

R̂s−1
w||R−MF||

wH
||R−MF||R̂

s−1w||R−MF||
(21)

where R̂s denotes the sample-average estimate of the received
signal autocorrelation matrix over D > J signal-of-interest-
present snapshots at SRx, i.e.

R̂s =
1
D

D−1∑

i=0

yiyH
i . (22)

where yi, i = 0, 1, . . . , D − 1 are the available input vectors.
Bit decisions are then made over the filtered data as follows

b̂s(P + i) = sgn(ℜ{wH
maxSINRyi}), i = 0, . . . , J − P − 1,

(23)

where sgn{·} denotes the sign operation.
The SINR attained at the filter output of the secondary

receiver, wmaxSINR, for either a narrowband or wideband
primary user can be calculated as

SINRs
△=

E{|wH
maxSINR(

√
Esbs(P + i)Hssss)|2}

E{|wH
maxSINR(pi + ni)|2}

= EssH
s HssH

Rs−1

I+NHssss = EssH
s Psss (24)

where Ps
△= HssH

Rs−1

I+NHss, Ps ≻ 0. For the case of an
all-spectrum wideband primary user, Rs

I+N in (24) is given
by

Rs
I+N =

K∑

k=1

EpQkspsH
p QH

k + σ2
nIL+N−1 (25)

while for the case of a narrowband primary user Rs
I+N in (24)

is given by

Rs
I+N =

K∑

k=1

EpQkQH
k + σ2

nIL+N−1 (26)

where Qk ∈ C(L+N−1)×L is the multipath fading channel
matrix of the k-th primary user. In practice, we estimate Rs

I+N
in (25) and (26) by the sample-average estimate

R̂s
I+N =

1
D

D−1∑

i=0

(pi + ni)(pi + ni)H (27)

where pi accounts for the unknown primary users signals and
ni is complex zero-mean white Gaussian noise.

IV. PROPOSED COGNITIVE CHANNELIZATION ALGORITHM

In this section we deal with the cognitive decisions that SRx
needs to communicate to STx to achieve cognitive channel-
ization. The objective of our cognitive radio setup is to find
an optimal pair of bit energy Es and real-valued waveform
ss ∈ RL that maximizes the secondary receiver’s post-filtering
SINRs, and at the same time satisfies a primary interference
threshold. More specifically, the problem under consideration
can be expressed as follows

maximize
Es,ss

EssT
s Psss (28)

subject to EssT
s Ppss ≤ γp (29)

EssT
s Psss ≥ γs (30)

sT
s ss = 1, 0 < Es ≤ Emax (31)

where Pp
△= QssH

Rp−1

I+NQss, Qss is the multipath fading
channel matrix for the STx-PRx link, Rp

I+N is the disturbance
autocorrelation matrix at the primary receiver PRx, γs > 0
denotes a minimum acceptable QoS threshold for the sec-
ondary link, γp > 0 denotes the primary receiver interference
threshold, and Emax is the maximum allowable/available bit
transmission energy for the secondary user. Both γp and γs
are assumed to be known at the secondary receiver SRx.
Unfortunately, the optimization task in (28) is non-convex NP-
hard (in L) [25].

In the absence of exact knowledge of matrix Pp of the pri-
mary receiver we propose a practically realizable solution that
is derived by substituting (29) with an interference temperature



(IT) constraint that is calculated at the secondary receiver.
Interference temperature TI(fc, B) is specified in Kelvin (K),
for a given carrier frequency fc and bandwidth B, and can
characterize both interference and noise in a particular location
[26]. More specifically,

TI(fc, B) △=
PI(fc, B)

kB
(32)

where PI(fc, B) is the average interference power in Watts,
centered at fc and covering bandwidth of B Hertz. In (32)
k = 1.38 · 10−23 Joules/K is the Boltzmann’s constant.

We assume partial a-priori knowledge of our signal envi-
ronment (i.e. narrowband or all-spectrum wideband primary
transmitters) but no collaboration between the primary and
secondary links. Since the primary user does not communicate
with the secondary user, we estimate TI(fc, B) using the pa-
rameter values for fc and B that we evaluate at the secondary
user during its silent periods, as follows

T̂I(fc, B) =
1

kB2

∫ fc+B/2

fc−B/2
Sp(f)df (33)

where Sp(f) is the power spectral density (PSD) of the pri-
mary transmitted signals. Assuming knowledge for the specific
frequency band of a tolerable interference limit TL(fc) (which,
without loss of generality, is equivalent to γp), we rewrite the
optimization problem in (28) in terms of the IT constraints as
follows

maximize
Es,ss

EssT
s Psss (34)

subject to TI(fc, B) +
µPs

kB
≤ TL(fc) (35)

EssT
s Psss ≥ γs (36)

sT
s ss = 1, 0 < Es ≤ Emax (37)

where Ps
△= 2EsB

1+α denotes the transmission power of the
secondary transmitter, α is the roll-off factor of the utilized
SRRC pulse shaping, and µ ∈ [0, 1] represents multiplicative
attenuation due to fading and path-loss between the cognitive
transmitter (STx) and primary receiver (PRx).

The optimization problem in (34) becomes separable only
if we drop the QoS constraint (36). In addition, the problem
is feasible only if the constraint in (36) is satisfied. Thus,
the optimal solution in (34), if it exists, is not affected
from dropping the secondary QoS constraint. As a result, the
optimal transmission power Eopt

s for the secondary user is the
solution to the following optimization problem

maximize
Es

EssT
s Psss (38)

subject to TI(fc, B) +
µ2Es

(1 + α)k
≤ TL(fc) (39)

0 < Es ≤ Emax. (40)

Indeed, we can verify that (39) always holds with equality at
an optimal point. Therefore, the optimal transmitting energy
can be calculated as

Eopt
s =

(1 + α)k
2µ

(TL(fc) − TI(fc, B)). (41)

In the context of this work, the parameter µ ∈ [0, 1] is selected
empirically based on either the location of the secondary

transmitter with respect to the primary receiver (free-space
path loss model) or the medium-access-control (MAC) layer
characteristics of the primary user link that can be acquired
by soft monitoring of the control channel.

By applying (41) to (34) we acquire the optimal waveform
ss as a solution to the following optimization problem

maximize
ss

sT
s Psss

subject to sT
s ss = 1.

(42)

Let e1, e2, . . . , eL be the eigenvectors of Ps with correspond-
ing eigenvalues λ1 ≥ λ2 ≥ · · · ≥ λL. The normalized
waveform ss that maximizes sT

s Psss is the eigenvenctor
sopt
s = e1 that corresponds to the maximum eigenvalue λ1

of Ps [27].
Returning to the problem in (34), we observe that constraint

(36) can be satisfied and the problem becomes feasible only
if the maximum eigenvalue of Ps, λ1, is greater or equal to
γs/Eopt

s . If, however, the constraint in (36) is not satisfied, the
problem is infeasible and we have to hold off adaptation. This
procedure can be repeated in an adaptive fashion by revising
the problem in (34) every time the power profile of the primary
user changes.

V. EXPERIMENTAL RESULTS

The proposed channelization algorithm is evaluated in an
indoor SDR testbed setup. Four USRP − N210s are de-
ployed in a multipath fading environment (Fig. 3). All four
USRP − N210s interface with RFX − 2400 daughtercards
that allow full-duplex operation in different carrier frequencies
from 2.3 GHz to 2.9 GHz. Figure 3 depicts a secondary link
that coexists with either a primary narrowband station or an all-
spectrum wideband station both operating at fc1 = 2.49GHz.
We used GNU Radio to implement both primary and sec-
ondary transceiver architectures as well as the proposed cogni-
tive channelization algorithm. For this purpose, we developed
custom software signal processing blocks under the GNU
Radio API.

Figure 4 summarizes our developments for the implemen-
tation of a software-defined all-spectrum cognitive channel-
ization platform. More specifically, the secondary receiver,
SRx, decodes STx frame transmissions in the presence of
PTx primary signals. During the silent periods of STx, the
secondary receiver calculates a sample average estimate of
Rs

I+N and estimates the interference temperature, denoted as,
TI(fc, B) of the active primary users. In case that both ĥss

and R̂s
I+N are available at the secondary receiver (Fig. 4), the

Fig. 3. Indoor SDR testbed setup for all-spectrum cognitive channelization.



42

Fig. 4. Overview of the software-defined implementation of the proposed cognitive channelization algorithm with USRP − N210s and GNU Radio.

optimal pair {Eopt
s , sopt

s } can be derived and communicated
to the secondary transmitter to achieve channelization. The
optimal pair of transmission power and channel waveform
is communicated to the secondary transmitter via a wireless
feedback channel that is established at fc2 = 2.32 GHz.

Our experimental setup in Fig. 3 considers two different
scenarios, where the primary station is i) a narrowband BPSK
system, and ii) an all-spectrum wideband system. For both
cases information symbols of secondary users modulate a L =
15 randomly selected digital waveform. Narrowband primary
transmitters use SRRC pulses of duration T = 20.48µs while
both primary and secondary wideband transmitters use SRRC
pulses of duration Td = 1.36 µs. Both narrowband and wide-
band primary/secondary pulse-shaping filters use α = 0.35
roll-off factor. The number of channel paths is set to N = 3,
while the SINR QoS requirement for the primary users is set
to 12dB (dashed line with triangular markers in Fig. 5(a) and
6(a)). The minimum QoS requirement for the secondary users
is set to 26 dB (dashed line with circular markers in Fig. 5(a)
and 6(a)). Parameter µ is set equal to 1 to emulate the worst
case interference scenario between STx-PRx. Our experimental
studies are summarized in Fig. 5 and 6 where both SINR and
BER performance is depicted at both secondary and primary
receivers for different transmission strategies adopted by the
secondary users (i.e. cognitive or fixed channelization). The
location of both the primary and secondary user, as well as
the transmission power and modulation scheme of the primary
user are fixed for both experimental scenarios.

Figure 5 demonstrates significant SINR performance im-
provement for the primary narrowband receiver, when the
all-spectrum wideband secondary user decides to cognitively
adapt both its transmission power and channel waveform.
More specifically, for the fixed channelization case, the sec-
ondary user selects its peak available transmission power and
the SINR at the primary receiver (PRx) drops below its pre-
defined QoS threshold. On the other hand, when cognitive
channelization takes place, the secondary user selects its
channel waveform in a way that the SINR at the secondary
receiver (SRx) is maximized, and the interference to the
primary link is minimum. As a result, the narrowband link
exhibits similar SINR and BER performance as in the case
where the secondary user is not present (Fig. 5(a)-(b)). The
depicted SINR and BER results are acquired by averaging over
a time window of 20 sec (i.e. 2000 packets).

Experimental BER and SINR results for the case of all-
spectrum wideband primary and secondary links (Fig. 6) are
averaged over a time window of 10 sec (i.e. 1000 packets). To
demonstrate the effect of cognitive channelization on system

performance, the secondary user is assigned an initial wave-
form that exhibits high correlation (60%) with the primary
user’s waveform, emulating this way a high-interference envi-
ronment. The superior performance characteristics of the pro-
posed channelization algorithm are evident. Compared to fixed
channelization, cognitive adaptation of transmission power and
waveform at the secondary transmitter results in higher SINR
and BER performance at the secondary receiver (SRx), as well
as improved performance at the primary receiver (PRx). As
expected, for the case of a narrowband primary link, the SINR
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(a) Pre-detection SINR versus time at both primary narrowband and all-
spectrum wideband secondary receivers.
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(b) BER versus time at both primary narrowband and all-spectrum wideband
secondary receivers.

Fig. 5. Pre-detection SINR (a) and BER (b) measured at both primary
narrowband and secondary wideband receivers for the cases of cognitive and
fixed channelization. Primary narrowband receiver’s SINR and BER are also
reported for the case that the secondary transmitter is absent.
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(a) Pre-detection SINR versus time at both primary and secondary all-
spectrum wideband receivers.
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(b) BER versus time at both primary and secondary all-spectrum wideband
receivers.

Fig. 6. Pre-detection SINR (a) and BER (b) measured at both primary and
secondary all-spectrum wideband receivers for the cases of cognitive and fixed
channelization. Primary wideband receiver’s SINR and BER are also reported
for the case that the secondary transmitter is absent.

and BER performance gains of cognitive channelization are
significantly higher than the case of an all-spectrum wideband
primary link.

VI. CONCLUSIONS

We considered the problem of establishing cognitive all-
spectrum secondary links alongside either narrowband or
wideband primary users in an indoor SDR testbed. In pursuit
of a real-time, non-cooperative solution for optimal secondary
link design we imposed interference temperature constraints
for the primary link during the optimization process at the
secondary receiver and demonstrated a complete testbed for
all-spectrum cognitive channelization. Real-time experimental
studies demonstrated that cognitive channelization leads to sig-
nificant performance improvements compared to fixed chan-
nelization in terms of SINR and BER at both the secondary
and primary receiver.
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