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Abstract—Interactive TV capitalizes on the opportunities cre-
ated by digitisation to offer new services. Depending on the
level of interactivity, a return path is required to send data
from the home user back to the broadcaster. In this paper,
we propose the use of 802.22 WRAN to implement the return
path over white spaces. Our approach allows the transmission
of interactive data in overlay with broadcast data. Following
802.22’s requirements, we analyze the task of selecting settings
for cooperative spectrum sensing. First, our numerical results
show that the number of cooperative devices used to improve
sensing accuracy is constrained to the minimum data rate per
device. Second, we show through computer simulations that noise
uncertainty limits cooperation gains regardless of how settings
are selected. Wrapping up our analysis, real-world conditions
are considered through testbed experimentation. Measurements
confirm that maximum diversity cannot be achieved under
correlated shadowing but cooperation may bring advantages if
a subset of cooperative devices malfunctions. To the best of our
knowledge, this is the first study on the application of 802.22
WRAN as access technology for return paths of interactive TV.

I. INTRODUCTION

Capitalizing on the new opportunities created by digitisa-

tion, interactive TV (iTV) is considered a key feature to make

digital TV (DTV) appealing to end users and provide addi-

tional revenue to manufacturers and broadcasters [1]. Through

services that facilitate digital inclusion, such as t-learning, t-

government, and t-commerce, iTV has gained attention as an

efficient way to bring the Internet to mass markets [2]. Such

services incorporate feedback into a so far one-way form of

communication and, depending on the level of interactivity,

require a bidirectional interaction channel with low latency

and high bandwidth.

Advanced Television Systems Committee (ATSC) and In-

tegrated Services Digital Broadcasting (ISDB) are DTV stan-

dards that do not mandate any access technology to provide

the interaction channel [3][4]. The technologies considered for

this purpose usually require broadcasters to cooperate (thus

sharing revenues) with telecommunications or Internet service

providers. Digital Video Broadcasting (DVB), another family

of DTV standards, specifies a return channel terrestrial (RCT)

to convey data in forward and return interaction paths [5].

Besides the benefits derived from using the same medium as

the broadcast, RCT can operate under either fixed or dynamic

spectrum allocation. In the fixed scheme, RCT is licensed and

thus granted protection against interference in its operation

frequencies. The dynamic scheme allows RCT to operate as

lower priority devices, which can rely on dynamic frequency

selection (DFS) to transmit interactive data in overlay with

higher priority broadcast data. This provides a way for gaining

access to spectrum in case licenses in the VHF/UHF bands

are difficult to obtain. Also, one can exploit the fact that home

users are not likely to interact all the time to set the return path

on an on-demand basis. However, RCT is not straightforward

to implement because [5] does not establish any methods for

determining spectrum availability nor requirements for DFS.

IEEE 802.22 wireless regional area networks (WRAN) is a

new access technology that relies on cognitive radio (CR) to

offer unlicensed data services for rural and sparsely populated

areas [6]. Geo-location database access (GDA) and cooper-

ative spectrum sensing (CSS) are CR-based capabilities that

enhance the DFS process used in WRAN. Due to its higher

efficiency, GDA can be adopted as the sole means to determine

channel availability [7]. Less efficient but less complex, CSS

does not require major investments in infrastructure, e.g., to

build and maintain a database.

In this paper, we propose the use of 802.22 WRAN as

access technology to provide the return path for iTV. We are

concerned with the settings for CSS that must be selected to

fulfill 802.22’s requirements on DFS, including overall sensing

accuracy and minimum data rate per cooperative device. We

show through numerical analysis that these requirements give

rise to a non-singleton set of settings that meet either the

target sensing accuracy or the target data rate per device. For

settings that guarantee both targets, we show that the number

of cooperative devices engaged in CSS may be limited to 6
per channel. To pick one among multiple feasible settings, we

introduce the concept of agility gain as a tie-break rule and

show that this criterion can be used to minimize detection

delays. Through computer simulations and testbed experimen-

tation, we then evaluate the impacts of noise uncertainty and

correlated shadowing on CSS. Under such operation condi-

tions, we show that cooperation gains achievable in practice

may be limited regardless of how settings are selected.

The rest of the paper is organized as follows. In Section II,

we derive expressions for sensing accuracy and data rate per

device, along with the description of the system model. To

validate our model, we first carry out a numerical analysis

in Section III. Section IV feeds back into the theory with

simulations and real-world insights obtained through testbed

experimentation. Section V concludes the paper.
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Fig. 1. Proposed interaction channel model (adapted from [5]).

II. SYSTEM MODEL

Consider the interaction channel model shown in Figure 1.

We assume that DTV broadcast and forward interaction path

are conveyed in a single downstream based on ATSC, ISDB,

or DVB. The interface between the TV set and the broadcaster

is provided by the cognitive interactive terminal (CIT). CIT’s

building blocks (not depicted) are a network interface unit and

a set-top box, both possessing CR capabilities. The interaction

network adapter is a base station (BS), which can be deployed

collocated with the broadcast transmitter site. The home user

sends interactive data back to the broadcaster in the upstream,

using a return path based on 802.22 WRAN.

Since the downstream has priority access to spectrum, we

refer to broadcast and forward interaction channels indistinctly

as the primary user (PU). WRAN is allowed to operate in

overlay with the PU on a non-interfering basis. Thus, spectrum

resources assigned to the return path should be selected from

white spaces, i.e., channels currently unused by the PU.

Once having selected a channel and started using it, the CIT

periodically monitors this channel to ascertain that it remains

free of PU activity. To that end, we enforce quiet periods

during which transmissions on the return path cease and the

CIT performs spectrum sensing as shown in Figure 2.

Samples collected over a quiet period allow the CIT to issue

a local decision about whether the PU is present or absent.

In this process, an individual CIT has to cope with fading,

shadowing, and penetration losses. These local detection issues

can be mitigated by using CSS, in which multiple CIT share

sensing information to get a more accurate picture of current

spectrum occupancy [8].

Besides typical control tasks, the BS sends enabling signals

to instruct its served CIT about which channel to sense, when

to sense, and for how long to sense. Based on a compilation

of local decisions, the BS makes a final decision and relays

on

(T-L) Loff

...

T=..FS

2 CDT

...

FS 1st detection

of PU signal

Limit to issue a

final decision

PU signal Transmit Period Quiet Period

Fig. 2. To ascertain that the return path remains free of PU activity, the BS
orders its served CIT to perform periodic sensing tasks.

it back to all CIT. Sensing information can be conveyed over

the return path using the 802.22 coexistence beacon protocol

(CBP) [6] in both directions, i.e., CIT to BS (local decisions)

and BS to CIT (enabling signals and final decisions).

In either decision type, the channel is declared idle if the

received signal contains only noise (hypothesis H0) and busy

if it consists of PU signals corrupted by noise (hypothesis

H1). We assume the decision-making process lacks a priori

knowledge of PU channel utilization patterns and received

signal-to-noise ratio (SNR).

A. System Parameters

Let the BS schedule a quiet period at the end of each period

T . As the 802.22 MAC supports just a quiet period per frame

[6], T is a multiple of the frame size FS [9]:

T = α.FS. (1)

The positive integer α denotes the allocation coefficient, set by

the BS to define how often to sense the channel. This results

in every αth frame carrying a quiet period.

To comply with the 802.22’s timing requirements, the BS

must make a final decision before the channel detection time

(CDT ). Starting at the first detection of PU, CDT is the

maximum time to determine channel availability. If ⌊y⌋ =
max {x ∈ Z |x ≤ y }, the number of quiet periods scheduled

over a CDT interval is:

M =

⌊

CDT

T

⌋

. (2)

To define how long a quiet period lasts the BS sets the

duration of a quiet period L, which can be at most as long as

FS. This in turn determines the duration of a transmit period,

T −L, over which CIT can transmit data from the home user

back to the broadcaster over the return path.

If the contributions of N CIT engaged in CSS are uncorre-

lated, costs and complexity can be reduced using less accurate

sensors at each CIT. Hence, since N plays a role in how the BS

needs to set α and L, we define a setting as a combination of

values assigned to these parameters and represent it as a vector

(α,L,N). A setting is said feasible if and only if it conforms

to the 802.22 standard with respect to the DFS performance

metrics developed in the sequel.

B. Performance Metrics

Let a PU arrival be represented by a transition in the actual

channel state, say, from “off” to “on”. Since channel state

transitions lie outside the WRAN’s control, the time elapsed

from the arrival of a PU to its first detection, i.e., the detection

delay τ prior to the commencement of CDT is unknown.

However, on/off periods are in general much longer than T
and we can assume τ/T uniformly distributed in [0, 1]. If the

period of interest is a transmit period (as in Figure 2), each

of the M quiet periods successfully collects the number of

samples it has been foreseen to and an accurate decision can

be made within the current T . This represents a short detection

delay L ≤ τ ≤ T , which occurs with probability:

P1 = (T − L)/T. (3)



If the period of interest is a quiet period, part of the samples

collected do not reflect the actual channel state and an accurate

decision is possible only at the end of the next T , i.e., based

on M−1 quiet periods. This represents a long detection delay

T < τ < T + L, which occurs with probability:

P2 = L/T. (4)

We characterize the single-CIT sensing accuracy using the

probability of missed detection computed over CDT :

PCIT
md = P1Pmd (M,L) + P2Pmd (M − 1, L) , (5)

where Pmd(·) depends on the sensing technique used. In the

derivation that follows, we consider the use of energy detection

because it is simple to implement and optimal when only the

noise power σ2

w is known a priori [8]. For a number of samples

J ≥ 20, we can compute Pmd in closed-form as:

Pmd = 1−Q

(

γ − Jσ2

w − Jps

σw

√

2Jσ2
w + 4Jps

)

, (6)

where ps is the average PU power and Q(·) is the Marcum

Q-function. The threshold γ is computed for fixed probability

of false alarm PCIT
fa as [10]:

γ = σ2

w



1 +
Q−1

(

PCIT
fa

)

√
J



 . (7)

We characterize the multi-CIT sensing accuracy using the

joint probability of missed detection PBS
md , achieved after the

BS has combined the contributions of N CIT. PBS
md is highly

dependent on the fusion rule used to combine the individual

PCIT
md . Here, we use OR logic and the BS decides H1 if any

of the CIT declares that H1 is true [8]:

PBS
md =

(

PCIT
md

)N
(8)

PBS
fa = 1−

(

1− PCIT
fa

)N
. (9)

Whenever a final decision declares H1 is true, the BS ceases

transmissions (if any) on the channel currently used as return

path and instructs the CIT about what channel to use for

returning user data to the broadcaster. Let hypotheses H0 and

H1 occur with probabilities Pidle and 1− Pidle, respectively.

The current channel is further used with probability:

Ps = (1− PBS
fa )Pidle + PBS

md (1− Pidle) , (10)

where the first term yields the probability of the channel being

correctly perceived as idle, whereas the second one yields the

probability of the channel being misperceived as idle due to

missed detections. If the channel utilization is given by:

ρ = PsM

(

T − L

CDT

)

, (11)

which is the ratio of the amount of time available to transmit

interactive data to the total amount of time the channel is

perceived idle, the aggregate date rate derived by WRAN is:

R = ρRmax, (12)

where the maximum achievable data rate Rmax varies with

the channel bandwidth B, modulation scheme, code rate, and

SNR, among other PHY layer parameters.

So far, we have developed expressions for evaluating the

performance of our model with respect to 802.22’s require-

ments on DFS. In the sequel, we introduce a simple criterion

that is not mandated in [6] but can be used at the BS to

select one feasible setting when multiple feasible settings are

available.

C. Agility Gain

Let J = MLB be the number of samples that a CIT needs

to collect to achieve a target probability of missed detection

P̄md. For fixed B, only the total sensing time matters, i.e., the

same PCIT
md is obtained by using either M quiet periods with

duration L/M or a single quiet period with duration L. As this

leads to multiple feasible settings, the question we pose now

is how the BS should pick one of them. Picking the setting

that maximizes ρ does not help because ML is the same for

all feasible settings (and so is ρ). As an alternative criterion,

we propose the agility gain:

∆τ = τmax − τmin, (13)

where the maximum (minimum) detection delay τmax (τmin)
results from using the largest (smallest) α. Clearly, ∆τ = 0 if

the whole CDT interval is needed for a final decision. This

can be avoided by using a circular buffer with length M , which

allows the BS to keep track of the samples collected over the

latest M quiet periods. Once the buffer is full, the BS can

decide after each and every quiet period and maximize ∆τ by

picking the feasible setting that minimizes α.

III. NUMERICAL RESULTS

In this section, we carry out numerical analysis to assess

the proposed model using the equations developed in Section

II. Model inputs are fed according to Table I.

The fixed PCIT
fa in (7) is obtained by making PBS

fa in (9)

equal to the target probability of false alarm P̄fa. In the 802.22

upstream, the minimum peak data rate each CIT should derive

at the edge of the coverage is R̄ [6]. Bounds on Rmax consider

fast Fourier transform mode 2K, cyclic prefix 1/16, no pilots,

no quiet periods, for QPSK and 64QAM with code rates 1/2
and 5/6, respectively [6]. Since M = 1 renders the BS unable

to make an accurate decision whenever T < τ < T + L, we

assume M ≥ 2. This is satisfied by confining α values in the

range [1, 100]. This being set, our goal is to find (α,L,N)
that yields PBS

md ≤ P̄md in a sensing time at most equal to but

not longer than CDT .

TABLE I
802.22 CHANNEL MONITORING PARAMETERS [6]

Targets DFS / PHY / MAC Parameters

P̄fa = 0.1 FS = 10ms Jmin = 20 samples

P̄md = 0.1 CDT = 2s Lmin = 3.4µs

R̄ = 384Kbps B = 6MHz 4.54Mbps≤ Rmax ≤ 22.69Mbps
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vs. L (α = 100).
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(d) PBS
md

vs. α (L = 0.5ms).

0 20 40 60 80 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Allocation Coefficient

C
h

a
n

n
e

l 
U

ti
liz

a
ti
o

n

 

 

N=1

N=2

N=5 P
idle

=0.85

P
idle

=0.15

(e) ρ vs. α (L = 8ms).

5 10 15 20 25 30 35 40 45 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of Cooperative CIT

D
a

ta
 R

a
te

 [
M

b
p

s
/C

IT
]

 

 

64QAM 5/6, P
idle

=0.85

64QAM 5/6, P
idle

=0.15

QPSK 1/2, P
idle

=0.85

QPSK 1/2, P
idle

=0.15

(f) R vs. N (α = 100, L = 3.4µs).

Fig. 3. Numerical results under AWGN for single- and multi-CIT scenarios (PBS
fa

= 0.1, RSSI = −114dBm, σ2
w = −95.2dBm).

Figure 3 summarizes our numerical results, obtained under

additive white Gaussian noise (AWGN) for received signal

strength indication (RSSI) of −114dBm and noise power

σ2

w = −95.2dBm. This RSSI is the minimum sensitivity

required for detecting DTV signals [6][7]. As expected, Figure

3(a) shows that a single CIT can either monitor the channel

more frequently or interrupt transmissions for longer periods

(to balance less frequent channel monitoring) while reaching

the same PCIT
md . This flexibility gives rise to multiple feasible

settings, but only (α,L,N) = (1, 0.16ms, 1) maximizes ∆τ .

The multi-CIT case is illustrated in Figure 3(b) with N = 1
provided for comparison. It can be seen that CSS allows L to

be fairly shortened as N increases with α fixed. Less frequent

channel monitoring can also be employed as N increases with

L fixed, as shown in Figure 3(c). In this case, N = 20 ensures

accurate PU detection while minimizing sensing tasks, i.e., by

using (αmax, Lmin, N) = (100, 3.4µs, 20).

According to Figure 3(d), different values of α lead to the

same PBS
md . This is due to the floor function in (2), which

assigns different α values to a single M value. Since L and B
are fixed, these settings lead to the same J and thus the same

PBS
md . A similar analysis is shown in Figure 3(e), where the

behavior of ρ as a function of α is depicted. For α ≤ 16, ρ
increases monotonically because the sets of α values leading

the same M are all singleton. However, for α ≥ 17, these sets

are composed of up to 34 values. This yields ρ increasing with

α within a set, but decreasing abruptly whenever increasing

α from a new set is chosen. On the one hand, the largest α

in a non-singleton set clearly yields the channel monitored

least frequently and, thus, the highest ρ. On the other hand,

the utilization loss from using any α other than the largest

can be interpreted as the agility gain ∆τ discussed in Section

II. It can also be seen from Figure 3(e) that the cooperation

gain is minimum if Pidle = 0.85. Nevertheless, a single CIT

is likely to make much more missed detections than a group

of cooperative CIT. As shown for Pidle = 0.15, this achieves

higher ρ at the cost of a likely higher number of collisions.

Finally, Figure 3(f) shows the maximum number of CIT

Nmax that can share the return path while achieving R̄.

Assuming that all CIT have some user data to send, Nmax

can vary substantially depending on the propagation conditions

and Pidle. If the propagation conditions allow, the BS can

pick Nmax ∈ [15, 45] using 64QAM 5/6. To cope with bad

propagation conditions, the BS may need to rely on lower rate

modulation coupled with higher code rates, e.g., QPSK 1/2,

thus limiting Nmax to 6, perhaps 9 CIT per 6MHz channel,

depending on Pidle. Though maximizing N while meeting R̄,

these values may not ensure that P̄md is met. For instance,

the minimum of 20 CIT required to jointly achieve P̄md in

Figure 3(c) (α = 100) cannot achieve R̄ using QPSK and

may also be unable to do so using 64QAM if Pidle = 0.15
or less. Conversely, the 6 CIT able to achieve R̄ under worst

case conditions yield PBS
md ≈ 0.5 thus harming P̄md.

It turns out that WRAN is able to meet both P̄md and R̄,

yet only if propagation conditions are good and the channel

is sufficiently underutilized. Given α and L, the BS can pick
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(b) Frequency-selective fading (σ2
w known).
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Fig. 4. Simulation results for PBS
md

vs. SNR under AWGN and frequency-selective fading (PBS
fa

= P̄fa = 0.1, ML = 57µs, B = 6MHz).

any N satisfying R̄ as long as it is larger than the number of

CIT required to achieve P̄md. If multiple feasible settings are

available, the BS picks the setting that minimizes α. For fixed

P̄fa, this maximizes ∆τ constrained to P̄md and R̄. In case

the BS considers sensing contributions of CIT that currently

have no data to transmit, it is straightforward to show that this

algorithm is applicable also under worst case conditions.

IV. PRACTICAL ISSUES

In this section, we rely on computer simulations and testbed

experimentation to validate our numerical results. This allows

us to address some practical issues arising in CSS based on

energy detection. Under such practical operation conditions,

we show that cooperation gains achievable in practice may be

limited regardless of how the BS sets (α,L,N).

A. Impact of Noise Uncertainty

Numerical results obtained in the previous section assume

perfect knowledge of σ2

w. In fact, noise levels usually vary over

time thus making it difficult to obtain an accurate estimation

of σ2

w [11]. This susceptibility to noise uncertainty can fairly

degrade the performance of the energy detector and create a

SNR wall, i.e., a limit to the SNR under which this method

is unable to reliably detect the PU regardless of L [12]. By

means of simulations, we investigate this phenomenon under

AWGN and frequency-selective fading. Results obtained are

averaged over 1000 runs for each SNR point.

Without noise uncertainty (σ2

w known), Figure 4(a) shows

that results obtained for AWGN match well to our numerical

analysis in Section III. For PBS
md = P̄md, a sensitivity gain of

8dB can be achieved by increasing N from 1 to 10. If the

uncertainty about σ2

w is of ±0.5dB, the same increase in N
gives a gain of only 1.5dB due to SNR walls. Clearly, CSS

has potential to push SNR walls further provided that N is

large enough. However, this comes at the cost of an increased

amount of sensing information (exchanged between BS and

CIT) that leads Nmax to be smaller in practice.

In figures 4(b) and 4(c), we show simulation results obtained

under frequency-selective fading. For σ2

w known, Figure 4(b)

shows that N = 10 leads to a gain of 8.8dB over a single-

CIT. From figure 4(c), we see that the same increase in N

improves sensitivity in 5.8dB when the noise uncertainty is

of ±0.5dB. This suggests that CSS gives better improvements

under multipath than under AWGN conditions. The reason for

this behavior is the smoother impact of SNR walls on PBS
md

verified under multipath conditions.

B. Impact of Correlated Shadowing

So far, we have assumed that all CIT experience inde-

pendent and identically distributed (i.i.d) fading/shadowing.

Though maximizing cooperation gains, this assumption may

be unrealistic because multipath fading is uncorrelated when

CIT are too close to one another but shadowing is not [13].

We verify this with the aid of the testbed shown in Figure 5,

which enhances the single-sensor setting of [14] with CSS.

The PU and a network of three CIT share an operation

environment that consists of five non-overlapping channels in

the 5.745−5.845GHz range. To create incentives for dynamic

behavior, we define a cyclic hopping pattern based on which

the PU uses one channel for 1s and then hops into the left

adjacent channel, i.e., a complete run through all channels

lasts 5s. The CIT network can rely on a single CIT (mode I) or

multiple CIT (mode II) to monitor the operation environment.

In either mode, BS tasks are carried out by one CIT (referred

to as BS for ease of notation) that:

• Transmits a video to CIT over the 5GHz band.

• Switches to a new operating channel whenever the chan-

nel currently used is deemed to contain PU signals.

• Sends control signals and receives sensing information

over a dedicated channel in the 2.4GHz band.

Since the sweep time over the five channels is approximately

50ms, the total sensing time per channel is ML ≈ 10ms. Thus,

for an experiment time of 125s, each measurement is averaged

over 25 runs. Each CIT lies about 5m distant from the PU.

It can be seen from Figure 6 that similar individual sensitiv-

ities were measured for CIT 1 and 3, while CIT 2 performed

up to 16dB worse. This deviation, which we first associated

to noise uncertainty or a deep fade, was later confirmed to

be caused by malfunction of the Wi-Spy DBx device used by

CIT 2. Over different measurement campaigns, where this Wi-

Spy DBx device was coupled with different CIT, we measured

similar (degraded) performance due to a substantially large



X PU controller

Y USRP boards

Z CIT controller

[ Wi-Spy DBx

\ Atheros card

X

Y

Z

[

\

Z

Z

Fig. 5. In our testbed, CIT are part of a centralized network that can be set
to operate in single- or multi-sensor mode.

number of missed detections in the 5.825 − 5.845GHz band

(channel 165).

Throughout this paper we have used OR logic because it

provides high PBS
md by increasing the risk of overseeing a white

space. Though more conservative from the perspective of the

PU, this rule performs poorly when N is small. In this case,

AND logic outperforms OR logic at the cost of an increased

risk of interfering with the PU. For PBS
md = P̄md, the gain

derived from using AND logic is less than 1dB over CIT 1
and 3, but of 16dB over CIT 2. This suggests that, if a subset

of the CIT engaged in cooperation malfunctions, CSS may be

advantageous also under correlated shadowing.

V. CONCLUSION

This paper has proposed the use of 802.22 WRAN to

implement the return path of iTV using white spaces. We have

analyzed the task of setting the allocation of quiet periods,

duration of quiet periods, and number of CIT engaged in

CSS so as to comply with 802.22’s requirements on DFS. For

feasible settings, which simultaneously meet the target sensing

accuracy and minimum data rate per device, our numerical

analysis shows that the number of cooperative CIT is limited.

To pick one among multiple feasible settings while minimizing

detection delays, we introduce the concept of agility gain as

a tie-break rule.
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Fig. 6. PBS
md

vs. γ (ML ≈ 10ms, t = 125s, B = 20MHz).

Using computer simulations, we have shown that the gains

achieved through CSS may be limited regardless of how

settings are performed. This is due to noise uncertainty,

which creates SNR walls. Besides theoretical modelling and

analysis, we evaluate the impact of correlated shadowing in

CSS in a real radio environment. Our measurements confirm

that maximum diversity cannot be achieved under correlated

shadowing, but cooperation may have advantages if a subset

of the CIT malfunctions. Findings in Section IV provide real-

world insights that can be fed back into the theory developed

in Sections II and III.

To the best of our knowledge, this is the first study on the

application of 802.22 WRAN as access technology for the

return path of iTV.
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