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Abstract—The objective of this paper is to extend the idea
of Cognitive Relay (CR). CR, as a secondary user, follows an
underlay paradigm to endorse secondary usage of the spectrum
to the indoor devices. To seek a spatial opportunity, i.e., deciding
its transmission over the primary user channels, CR models its
deployment scenario and the movements of the primary receivers
and indoor devices. Modeling is beneficial for theoretical analysis,
however it is also important to ensure the performance of CR
in a real scenario. We consider briefly, the challenges involved
while deploying a hardware prototype of such a system.

I. INTRODUCTION

It has been one and half decade since Mitola’s idea of

embedding cognition into the radio [1]. One way to deploy

cognition is through dynamic access to an under utilized

spectrum. This resolves the problem of spectrum scarcity.

The cellular operators are faced with a recurring challenge of

reduced coverage and capacity within their network. Following

the trend of growing mobile services, the situation will worsen

in the upcoming years [2]. To some extent, the state of

the art small cell stations, namely femto stations and relay

stations, are deployed to solve the coverage and capacity issues.

However, the stations within a macro or micro cell still share

a limited spectrum, which increases complexity due to co-tier

interference. Additionally, to combat cross-tier interference,

these small stations have to coordinate with their immediate

macro or micro station [3].

As a result, major applications or standards like IEEE 802.22 [4]

are emerging, which claim an efficient utilization of spectrum.

However, due to their large coverage requirement, their access

is rather static or limited to white spaces only. Moreover,

development of such standards demands a long development

phase, hence, field testing using a hardware prototype to

validate a certain functionality is delayed. Considering this, we

introduce a dynamic application, where a cellular operator

offloads its bandwidth demands over the spatially unused

bands. These bands are not owned by the operator and are

acquired cognitively. Considering heterogeneous deployment

with variable propagation distance, smaller cells show a great

potential for offloading. Thereby, cellular operators can offload

users active inside small cells to spatially unused bands and

ensure capacity enhancement [5]. Here, capacity is defined as

the number of active users per unit area.

Goldsmith et al. [6] describe different paradigms for shared

access: overlay, underlay and interweave. These paradigms have

been well investigated using analytical expressions and simula-
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Fig. 1. A scenario demonstrating the interaction between the PU and the
CR. The CR senses PUs channels in the outdoor to provide a dynamic access
to the devices operating indoor.

tions in the literature [7], [8]. However, their behavior through

hardware realization is still not properly understood. Rapid

prototyping of such hardware that is capable of implementing

auxiliary functions such as sensing and sharing-constraints,

is another challenge. Besides ameliorating capacities, these

paradigms should conform strictly to regulatory requirements.

Hence, it is important to examine and validate their performance

through a real deployment.

Cognitive Relay

The network element responsible for realizing the concept of

offloading is termed as Cognitive Relay (CR). CR introduced

in [9] as a secondary user, provides access to indoor devices

(IDs) over the unused spectrum. The knowledge of the unused

spectrum is attained through sensing. An interweave scenario

that finds temporal opportunities inside the primary user (PU)

spectrum was demonstrated in [9], however, in this paper

the authors aim to deploy CR as underlay systems. Fig. 1

depicts the operational scenario for the CR. CR links to the

base station through a backhaul over an outdoor antenna.

Sensing and access over PUs’ channels are done using an

indoor antenna. Following the guidelines from [6], we assume

CR as an underlay system that executes transmissions only if

it satisfies the sharing-constraints.

Through this paper, the authors like to extend the concept of

CR as underlay system. We discuss the following challenges:

modeling of propagation channel and sharing-constraints, from

the hardware design perspective that are often neglected

in theoretical studies. Far more important, as a validation

process, we deploy the CR, ID and primary receiver (PR) in
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a real scenario and analyze the system performance through

analytical expressions. Finally, we consider rapid prototyping

and deployment of the system through a software defined radio

architecture.

The rest of the paper is organized as follows: Section II explains

the system model. It characterizes the channel models and the

involved constraints. Section III discusses the measurement

results obtained after deploying the hardware. Section IV con-

cludes the paper. The analytical expressions of the distribution

function for interference at PR and capacity at ID are derived

in appendix.

II. SYSTEM MODEL

A transmission over the PU channel, selected by CR for an

indoor access between a CR and an ID, involves a time slotted

half duplex communication. We consider that decision making

occurs at CR. Thus, CR selects a PU channel for both uplink

and downlink based on the sensing information available at CR

and ID. This encourages IDs to sense the PU channels and feed

their sensing information, that is energy measurements, back

to the CR, e.g., over a Cognitive Pilot Channel [10]. However

to keep the discussion limited and yet tactful, we discuss only

the downlink. Hence, sensing at IDs is not considered.

CR is obliged to avoid interference at the PRs and simulta-

neously ensure a Quality of Service (QoS) at the IDs. For

the downlink, this entails the access channel hs between the

CR and ID as indoor-indoor link, and interference channel hp

between CR and PR as indoor-outdoor link, see Fig. 1.

Assuming channel reciprocity, the knowledge of channel states

hp is acquired by sensing the beacons emitted by PR, and hs by

observing the training sequence sent by ID. For fixed position

of CR, ID and PR, the channel itself is static. It changes due

to the mobility of PR and ID over the deployment scenario.

Hence, CR should model the channel states to estimate the

received power at PR and ID, and decide upon the PU channel

for transmission which satisfies the sharing-constraints. This

phenomenon is termed as spatial opportunity. The performance

of such a system is mainly governed by the accuracy of channel

models [11].

A. Path loss model and large scale fading

For the downlink access, the received signals at PR and ID

encounter a distance dependent path loss. Additionally, due to

the presence of different number of walls in between, PR and

ID also witness shadowing. The mean value of path loss is

determined using the log-distance model

PL(d) = PL(d0) + 10n log10

(
d

d0

)
, (1)

where PL(d) denotes the path loss (dB) at a distance d, d0 is

a reference distance and n represents the path loss exponent.

The log-distance model is compared with two standard path

loss models, i.e. ITU-R [12] and WINNER II [13].

PL(d) = 20 log10 f + 10n log10 d+ Lfloors(k)− 28, (2)

illustrates the ITU-R model, where f is the center frequency

(MHz) and Lfloors(k) represents the total attenuation for k floors

of the building. For propagation inside the office buildings at

f = 2.4 GHz, n = 3 is used [12, Table 2].

PL(d) = 20 log10

(
f

5

)
+ 36.8 log10 d+ nwLw + 43.8, (3)

presents WINNER II model for a scenario with rooms and

corridors [13, (6.4), (6.5)], where f is the center frequency

(GHz), Lw denotes the attenuation through walls of the building

(Lw = 5 dB for thin walls and Lw = 15 dB for thick walls) and

nw is the average number of walls between CR and ID.

In order to describe the variation of path loss about the mean

value, shadowing is taken into account. Due to shadowing,

the path loss PL(d) in dB scale follows a normal distribution

[14]. (1) shows one-one mapping between PL(d) and the path

loss exponent n. Correspondingly, n also follows a normal

distribution with Cumulative Distribution Function (CDF)

Fn(n) =
1

2

[
1 + erf

(
(n− µn)√

2 · σn

)]
, (4)

where µn and σn denote the mean and standard deviation of

n while erf(·) represents the error function.

B. Small scale fading

The mean value of path loss and shadowing model the

channel for large movements of PR and ID. The model

parameters PL(d) and n, according to (1), depend mainly on

the deployment scenario. For movements < 10λ [15], PL(d)
and n are considered to be correlated, hence, assumed to be

constant. Due to small movements ≈ λ
2 inside a circular region

R of radius 10λ, PL(d) varies due to multipath or small scale

fading.

To utilize spatial opportunities efficiently, CR captures small

movements of PR and ID, defined as snapshot. A snapshot

corresponds to a spatial configuration of a PR and an ID. It

includes their small movements inside R, cf. Fig. 2. Another

snapshot will result in a different spatial configuration of PR

and ID around CR. For a fixed CR, PR and ID, the channel

coefficients witness frequency-flat and slow fading. Due to the

small movements of the PR and ID, the channel coefficients

are modeled stochastically as small scale fading.

For a snapshot, CR seeks a spatial opportunity over a channel if

it satisfies the following probabilistic constraints: interference

constraint (IC) and capacity constraint (CC). IC is accomplished

when the probability that the interference I at PR is above a

certain threshold Ith, is below ǫI,out

1− FI(Ith) = P(I ≥ Ith) ≤ ǫI,out, (5)

where ǫI,out is defined as interference outage. Similarly, CC

is fulfilled when the probability that the capacity C at ID is

below a certain threshold Cth, is below ǫC,out

FC(Cth) = P(C ≤ Cth) ≤ ǫC,out, (6)

where ǫC,out is the capacity outage. Ith, ǫI,out, Cth and ǫC,out are

the design parameters with their values known at CR. In order

to track the constraints analytically, it is required to characterize

the distribution functions FI and FC in (5) and (6).
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Fig. 2. The deployment scenario for the CR including ID and PR at different
spatial positions. The circle around the PR and ID positions represents R,
which illustrates their small movements.

CR models the channel coefficients hp, hs, using Rayleigh

or Nakagami-m distribution for the indoor-indoor and indoor-

outdoor links. In literature, Rayleigh distribution is mostly

preferred due to its analytical tractability. In contrast to that,

Nakagami-m accounts for the severity in fading through m

parameter, thus, it is more applicable in indoor scenarios. For

a fixed transmit power at CR, the received signal to noise

power γ1 at PR or ID, corresponding to Rayleigh case, follows

exponential distribution [16]

Fγ(γ) = 1− e−
γ
γ̄ (7)

and for Nakagami-m, it follows Gamma distribution [16]

Fγ(γ) = 1−
Γ
(
m,mγ

γ̄

)

Γ(m)
, (8)

where γ̄ = E[γ] and m denotes the shape parameter. Γ(·) and

Γ(·, ·) are the complete and incomplete Gamma functions. The

analytical expressions for FI and FC in (5) and (6), for the

case when hp and hs are Rayleigh distributed, are presented in

(10) and (13). When hp and hs are Nakagami-m distributed,

the FI and FC are given by (11) and (14). CR evaluates binary

values for the individual constraints (5) and (6) corresponding

to each snapshot. Finally, through an AND operation (·) over

these constraints, CR decides to enable (= 1) or disable (= 0)

the transmission over each channel.

III. MEASUREMENT RESULTS AND DISCUSSIONS

The last section dealt with the theoretical aspects of CR as

underlay system. Here, we examine the operational perspective

of its hardware prototype. Fig. 2 presents the top view of the

1Consider a transmission from a certain CR, then γ is equivalent to signal
to noise ratio (SNR) at ID and interference to noise ratio at PR. Therefore, the
term SNR is not used to avoid confusion thereof. Moreover, the interference
from unintended primary transmitters and other CRs at PR or ID is treated as
white noise.

Host 1Host 2
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Fig. 3. Hardware setup.

deployment scenario constituting CR, PR and ID. The number

in the legend enumerates their configuration in the scenario.

CR is mounted on the second floor of the building and IDs

are also present at the same floor. The PRs are located outside

the building at the ground level.

To foster rapid prototyping of the auxiliary functions, a software

defined platform is selected. The actors CR, PR and ID in

Fig. 2 are realized using Universal Software Radio Peripherals

(USRPs) N200 [17]. The host computers are connected to the

USRPs via Ethernet cable, as shown in Fig. 3, to transfer

digital data. The digital power corresponding to the transmitted

and received samples in the USRPs is calibrated against the

analog dBm power scale. This is done using R&S FSL network

analyzer on the transmitter side and R&S 200A signal generator

on the receiver side.

In Fig. 2, indoor-indoor and indoor-outdoor links are separated

by a boundary wall. Both the links are expected to follow a

similar characterization for path loss and shadowing. Without

loss of generality, for the path loss and shadowing, we consider

only the indoor-indoor link. Unless explicitly specified, we

consider a USRP as PR or ID, that transmits a sinusoidal

signal at a constant transmit power = 10 dBm, and another

USRP as CR, that evaluates the received power, thereby,

estimating the channel states. Due to the availability of only

one transmit-receive pair of USRPs, with no loss of generality,

the measurements for PR to CR and ID to CR are discrete,

and taken at different instants of time. In order to apply

the independent property for the estimation of the model

parameters, the measurements with a separation distance of

≈ 20λ for shadowing, and ≈ λ
2 for small scale fading are

considered.

Fig. 4a illustrates the path loss evaluated at CR for different ID

positions. The model parameters in (1), determined using Least

Squared Error, are presented in TABLE I. σ̂PL(dB) represents

the standard deviation for the PL(d). Fig. 4a also compares the

log-distance model with two standard models, i.e. ITU-R and

WINNER II. The later model results in a closer approximation

to the deployment scenario, as it provides an extra degree of

freedom, which includes losses due to average number of walls
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Fig. 4. Analytical expression for the log-distance model and the distribution function Fn of the path loss exponent n for indoor-indoor link compared with
the empirical results. Fig. 4a further depicts the comparison of the log-distance model to ITU-R and WINNER II path loss models.
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Fig. 5. Analytical expressions of FI and FC rendered using Rayleigh and Nakagami-m models compared with the empirical results. The number besides PR
and ID depicts their position as illustrated in Fig. 2. The ellipse represents the ID and PR positions qualifying the corresponding constraints. Indoor position 3
(ID3) in Fig. 5b reveals the inaccuracy of the Rayleigh model. According to it, CR employing Rayleigh model prohibits its transmission to ID3 as it fails to
satisfy the capacity constraint, which is inconsistent to the empirical values. However, this is not the case with Nakagami-m model.

nw, consider (3). For our scenario, n̂w = 2.1 is determined.

Fig. 4b characterizes shadowing as normal distribution, as

described in (4). The model parameters µ̂n and σ̂n for the

path loss exponent are estimated using Maximum Likelihood

Estimation (MLE), refer to TABLE I. Furthermore, the accuracy

of this model is evaluated using Mean Squared Error (MSE).

Besides long term, CR response to the short term spatial

opportunistic access is governed by PR and ID configuration.

Based on the measurements for 4 PR and 5 ID positions, cf.

Fig. 2, CR estimates the model parameters, corresponding to

Rayleigh (̂̄γ) and Nakagami-m (̂̄γ, m̂) using MLE criterion.

Fig. 5a and Fig. 5b compare the analytical expressions of FI

and FC , presented in appendix, with the empirical CDFs.

Once the model parameters for a snapshot are determined, CR

enforces the interference and capacity constraints described

in (5) and (6), using Nakagami-m model since it yields

smaller MSE. To define these constraints, the parameters

values Ith = −90 dBm, ǫI,out = 0.1, Cth = 7.5 bits/sec/Hz

and ǫC,out = 0.1 were set, as shown in Fig. 5a and Fig. 5b.

However, these values can be adjusted depending on the



TABLE I
LEFT: PARAMETERS OF THE PATH LOSS MODELLED USING LOG-DISTANCE

MODEL, RIGHT: PARAMETERS AND MSE OF THE SHADOWING MODELLED

USING NORMAL DISTRIBUTION FOR INDOOR-INDOOR LINK

Log-distance model (1) Normal (4)

[P̂L(d0)(dB), σ̂PL(dB), n̂] [MSE, N (µ̂n, σ̂n)]

[44.19, 5.94, 3.46] [1.70 · 10−3,N (3.58, 1.00)]

TABLE II
PARAMETERS AND MSE OF THE FI MODELED USING RAYLEIGH AND

NAKAGAMI-m DISTRIBUTION FOR DIFFERENT PR POSITIONS

Outdoor Rayleigh (7) Nakagami-m (8)

Position [MSE, ̂̄γ] [MSE, (m̂, ̂̄γ)]

PR1 [3.84 · 10−4, 2.66 · 102] [1.74 · 10−4, (1.13, 2.66 · 102)]

PR2 [2.75 · 10−4, 4.89 · 102] [2.40 · 10−4, (0.98, 4.89 · 102)]

PR3 [2.75 · 10−4, 57.34] [2.31 · 10−4, (1.11, 57.34)]

PR4 [9.36 · 10−4, 94.20] [2.18 · 10−4, (1.25, 94.20)]

system requirements. Table IV presents the binary decisions

attained after exercising the individual constraints. Table IV

also illustrates the final decisions, after the AND operation,

for all 20 snapshots.

IV. CONCLUSION

The paper introduces CR as underlay system, a cognitive ra-

dio application that realizes an indoor access through secondary

usage. It discusses the challenges involved in constructing a

hardware prototype of such a system. To specify the spatial

opportunity for the downlink, we state the importance of

the channels namely indoor-indoor and indoor-outdoor. Using

software defined platform, we employ channel models to

illustrate the PR and ID mobility in a real scenario. Thus,

the performance of the system is determined by comparing

empirical results with analytical expressions. Finally, the

constraints are implemented for different snapshots to qualify

the PU channels as spatial opportunities. The deployment

aspects for the uplink, and modeling the mobility that entails

large and small movements as Suzuki process are left for the

future work.

The approach implemented in this paper, that considers constant

transmit power at the CR, is static. However as a future step,

the transmit power at the CR could be varied dynamically,

TABLE III
PARAMETERS AND MSE OF THE FC MODELED USING RAYLEIGH AND

NAKAGAMI-m DISTRIBUTION FOR DIFFERENT ID POSITIONS

Indoor Rayleigh (7) Nakagami-m (8)

Position [MSE, ̂̄γ] [MSE, (m̂, ̂̄γ)]

ID1 [1.11 · 10−3, 9.52 · 102] [1.74 · 10−4, (1.23, 9.52 · 102)]

ID2 [1.60 · 10−3, 3.65 · 104] [3.39 · 10−4, (1.28, 3.65 · 104)]

ID3 [5.79 · 10−4, 1.79 · 102] [1.35 · 10−4, (1.17, 1.79 · 102)]

ID4 [9.35 · 10−4, 4.13 · 102] [3.05 · 10−4, (1.16, 4.13 · 102)]

ID5 [7.54 · 10−4, 6.99 · 104] [2.96 · 10−4, (1.23, 6.99 · 104)]

TABLE IV
COGNITIVE RELAY IMPLEMENTING AND RULE FOR DIFFERENT PR AND ID

POSITIONS

PR1 PR2 PR3 PR4

ID1 1 · 0 = 0 0 · 0 = 0 1 · 0 = 0 1 · 0 = 0

ID2 1 · 1 = 1 0 · 1 = 0 1 · 1 = 1 1 · 1 = 1

ID3 1 · 1 = 1 0 · 1 = 0 1 · 1 = 1 1 · 1 = 1

ID4 1 · 0 = 0 0 · 0 = 0 1 · 0 = 0 1 · 0 = 0

ID5 1 · 1 = 1 0 · 1 = 0 1 · 1 = 1 1 · 1 = 1

in order to satisfy sharing constraints and utilize the spatial

opportunities within PU spectrum more efficiently.
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APPENDIX

Lemma 1. Distribution function of FI

FI(Ith) = P(I ≤ Ith) = P

(
γ ≤

Ith

σ2

)
= Fγ

(
Ith

σ2

)
, (9)

where σ2 represents the noise power at the PR. When γ is

exponentially distributed (7), then FI in (9) is obtained as

FI(Ith) = 1− e−
(Ith/σ

2)

γ̄ , (10)

and for the case when γ has Gamma distribution (8), FI in

(9) is determined as

FI(Ith) = 1−
Γ
(
m,m

(Ith/σ
2)

γ̄

)

Γ(m)
. (11)

Lemma 2. Distribution function of FC

FC(Cth) = P(C ≤ Cth) = P (log2 (1 + γ) ≤ Cth)

= P(γ ≤ 2Cth − 1) = Fγ(2
Cth − 1). (12)

When γ is exponentially distributed (7), then FC in (12) is

obtained as

FC(Cth) = 1− e−
(2Cth −1)

γ̄ , (13)

and for the case when γ has Gamma distribution (8), FC in

(12) is determined as

FC(Cth) = 1−
Γ
(
m,m

(2Cth
−1)

γ̄

)

Γ(m)
. (14)
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