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Abstract—In this paper, we present a quantitative assessment using TVWS for providing wireless communications like Wi-
of the performance of a Wi-Fi like system in TV white space and Fj or femto-cell network. The major challenges for opermgtin
compare it with the traditional Wi-Fi system in the ISM band. Wi-Fi system in TVWS are the restrictions on permissible

Particular emphasis is given to the constraint on the aggregte . .
secondary interference on TV reception, which is regarded @ithe transmit power and number of available channels as the TV

premise of the link throughput analysis that followed. Numeical ~'éception must be protected from any harmful secondary
evaluation is performed over different scenarios where theTV interference. Unlike the former research focus on the djpera
receive signal strength, number of unoccupied TV channelsjser  of autonomous secondary user (SU) based on sensing [7], a
densny_are varied. Ou_r re_s_ults show that the primary interference new geo-location database method is proposed in [8], where
constraint has only significant impact on the secondary systn - -

performance in rural scenario with low TV receive signal a SL.J would Only.ne?d to report Its quat'on to the da@abase
strength. In other cases, where higher transmit power doesot and in return receive information regarding the spectruailav
guarantee better performance, the capacity of the system is ability and associated constraints. [9] extends the reigula
Iimit_ed by the secondary_self-interference (_)r_collisionsat_her than  framework to a multiple secondary user case considering the
the interference constraint. Therefore, efficient TV White Space random deployment of SUs, TV receiver antenna directivity,

utilization can be achieved by properly setting the seconda . . .
transmit power adaptive to different environments. and the cumulative effect of adjacent channel interference

Index Terms—TV White Space, secondary spectrum reuse, ag- (ACI). Nevertheless, the TVWS opportunity is only evaluste
gregate interference, adjacent channel interference, gelocation in terms of permissible transmit power of different secagda
database. users.

I. INTRODUCTION The architecture and capacity of a Wi-Fi like secondary
system in TVWS are studied in [10]. The authors here describe
In recent years, the growing demand for high data-ragé approach for providing wireless broadband access imurba
wireless services has led to the so-called 'spectrum sh@rtaareas by deploying SUs in TVWS with an inside-out network
for wireless broadband access. As predicated by Wireldssild strategy. Similarly, a performance analysis of a Wike
Broadband Alliance, most parts of Europe will experienagetwork is presented in [11]. Both of the results demonstrat
congestion in the bands for shared access in the next five yete advantage of TVWS in the coverage sense. However,
[1]. On the other hand, results from the latest studies atdic without channel aggregation, the Wi-Fi like secondary exyst
that a considerable amount of spectrum is under-utilizedtdu in TVWS shows no advantage in throughput against the higher
the traditional regulatory framework and the limit of exailte  channel bandwidth available to Wi-Fi system in the ISM band.
licensing. To increase the utilization of these frequerayds, Moreover, these studies neglect the impact from the SUseto th
the concept of secondary access has been proposed to alw- the TV system. The transmit power of the SUs were set to
them to be accessed by other users on a secondary basis, edittain levels without any explicit limitation or considéion
the condition that the quality of service (QoS) of the prignarof protecting TV reception. Therefore, the performancehef t
users (PU) must be protected. One of the popular candidatgondary Wi-Fi system may have been overestimated.
bands to be opened up for secondary access is VHF/UHF
bands for TV broadcasting, which is known as TV white space This paper instead combines TV protection and the interac-
(TVWS). It has the potential to enable high quality outdémr- tion among the secondary users in the analysis in order to dra
indoor or indoor-to-outdoor wireless broadband coverage aa more complete picture of the performance of the secondary
become a significant complement to the existing spectrum yfstem in the TV band. The average throughput of a Wi-Fi
wireless communication [2]. like secondary system with CSMA/CA protocol deployed in
The Federal Communications Commission (FCC) in thie TV band is compared to that of the traditional Wi-Fi in
USA [3], Ofcom in the UK [4], CEPT in Europe [5] havethe ISM band with various assumptions on the environmental
all started to develop frameworks for the secondary usageasinditions, such as different numbers of available channel
the TVWS band. In [6], the availability of TVWS in the 470-TV signal strength and SU densities. As prerequisite for
790 MHz VHF/UHF band has been quantified for a number @fperating in the TV band, the secondary transmit power is
European countries. Recently there has been great iniarestlways restricted, while no primary constraint is applied t
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self-interference and;, is the received TV self-interference
power from other TV transmitters. The coverage area is
defined byqi > ¢*, with ¢* being the minimum required
location probability defined by the regulator. To promise a
good TV coverageg* is usually set to at lea$t5%.

When a SU is introduced, the geo-location database can
determine the permissible powé¥;? for the jth SU trans-
mitting in TVWS channe};. The reduced location probability
g5 under secondary interference should be no less ¢fan

Primary Link in CH x

é /

TV transmitter

q;’w = Pr {PtLl’f Z PtTin + ’Yt'ultz’u + Izﬁa} Z q**’ (2)

where ;7 is the cumulative effect of the multi-channel

aggregate secondary interference on itie TV receiver on

TV coverage thezth TV channelg** represents a lower minimum location

probability requirement under the secondary interfereNcee

Fig. 1: Geo-location database coexistence model for s&sﬂfgmdth""t the secondary USErs contrib_uting to the aggreganéénte_

access in TVWS. ence may be tran§m|tt|ng on dlﬁerent channel;, as previous
study [12] has confirmed. This effect is most noticeable when

the SU is transmitting at close distance from the TV receiver

An analytical approximation is proposed in [9] to model the

éalccumulative effect as

the Wi-Fi in the ISM bandl Furthermore, we aim to identify
whether the capacity of the secondary system is truly lighit

by the TV protection constraint in different environment-se N (Af )
tings. Our simulation model considers the aggregate secgnd S Z Mpg;gm (3)
interference to the TV receiver, SU-to-SU interference and ' 1 Jsu (0)

CSMA/CA contention effects, so that the TV protection i§vherefy (Af)

not overlooked and the secondary system performance is ggt of Af. g, denotes the coupling gain of thh interfering
exaggerated. _ _ _ _link from adjacent channelg,. N is the total number of active
The remainder of this paper is organized as follow: Secliafl ;s The T\.to-TV interference is neglected in this papes du

Il provides a brief overview of the studied scenario. Thg, jts small value compared with this cumulative secondary
system model is explained in Section Ill. Then we descriBgiarference.

the simulation models in Section IV. In Section V, we present
and analyze the numerical results. Finally, the concliseme B. Geo-location Database

discussed in Section VI. According to its definition, the protection requirement
Il. COEXISTENCEMODEL shou]d be applied to gach TV receiver. Howeyer, the exact
, location of the TV receiver cannot be detected in most cases.

A. TV Coverage and Protection Model Therefore, the regulator has instead discretized the ageer

A general Primary-Secondary user coexistence modeldfea into small area elements, denoted as ’pixel’. Theaelat
shown in Fig. 1. We assume that the primary links an@formation, such as TV coverage quality, terrain elevatio
operating in channet in the TV coverage area. Then the SUgiser density, unoccupied TV channel numbers, etc., aredstor
are allowed to use the channels other than chanmniekide for each pixel in the geo-location database. Based on this
the coverage of the primary TV transmitter. information, the permissible secondary transmit poviggy,

The measure for TV coverage quality is the location prols obtained by Monte carlo simulation for each SU in pixel
ability, defined as the chance of successful TV receptiofpllowing the procedures outlined in [5] and [9]. In pixgl
Unsuccessful TV reception is termed outage, either due 4 TV receivers are assumed to have approximately the same
the TV signal fading or interferences. The location probigbi received TV signal strengt®;,. Any randomly selected TV
without secondary interference is designaed from one pixel would experience statistically the same lleve

of interference [9].

is the TV protection ratio with frequency off-

qi = Pr{PtZU > Pthn + PytvItZ—U}v (1)
4 . [1l. SECONDARY SYSTEM MODEL

where P}, and P]7*™ denote the receive power of thith TV

and the minimum TV receiver sensitivity level,, represents

the required minimum ratio between the TV signal and T

As mentioned earlier, we consider a Wi-Fi like secondary
system with short range and low transmit power following
%SMA/CA MAC protocol. Adjacent channel aggregations are

1Besides, we assume all Wi-Fi like devices have a physicaktrit power allowed accord'ng to existing proposals. G'_Ven the coritynu
constraint which ranges from 0 dBm to 30 dBm. of the unoccupied TV channels, up to eight TV channels



of 8 MHz are aggregated in our work. One SU accessTo evaluate the performance of the secondary system, we
point (AP) is assumed to be randomly deployed inside eadkfine the average throughput of a secondary link as:
house/apartment, and the users (UE) are randomly deployed

within the coverage radius of the AP, which can be either in-

doors or outdoors. As the worst case assumption, we consi

the SU-PU interfering links between outdoor SUs and the-roof

top TV antenna in rural cases and the link between indoor S

11
_ = t
der TP =7 Ntot ;; P @)

where T is the total simulation time slotgy,,; is the to-

to the set-top TV antenna in urban cases. The link geometryi@ number of deployed SUs\; is the number of active

illustrated in Fig. 2. Note that co-channel interferenc€l)ds
not considered. As shown in [13], low power SU transmittin

SUs transmitting without collision at time slat TP, is
§1e throughput of thenth active link obtained by Shannon

at below clutter height only causes negligible CCl as com@arformmaz:

to the ACI inflicted on the TV receivers close by.
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Fig. 2: Link geometry and contention domain of seconda
transmitters.

The SUs can transmit on any unoccupied TV chann
whereas CSMA/CA protocol is applied to avoid collision
among SUs transmitting on the same channel. Given t
detection threshold, the SU transmit power and the propagat

TP!. = BW,logs(1 + SINR,,)

Y
u,i9n,n

P

S

= BWy,loga(1 +
2( No + 'Vpulpu + ZmeA}g Pgu,ig”h"

);
®)

whereg, ,, denotes the path loss between itk transmitting
SU and its receivery,, I, represents the interference from
PU andN, is the noise. As presented in [11], we defié as
the set of SUs operating on chanpebutside the contention
domain of thenth transmitting SU. Due to CSMA/CA proto-
col, these SUs are the ones causing co-channel interfetence
the nth receiving SU as shown in (5).

Although Py,, can be set as much as it is permitted according
to (2), it does not necessarily lead to the best performance.
Because higheP,,, may promise high SINR and consequently
higher link throughput, but a larger contention domain also
reduces the number of simultaneously active links due to
collision avoidance. Thus, an optimal transmit powy* is
chosen by exhaustive search in simulation suchiaf,, is
maximized:

PP = argmax TP o4 (Psy ), (6)

Py, <Py,

where P}, denotes the SU maximum permissible transmit
power due to either physical limitation or primary protecti
constraint.

IV. SIMULATION MODEL
A. Simulation Procedure

In order to reduce the boundary effect during the simulation
the SUs and TV receivers are deployed in a study area
ﬁpnsisting of 3-by-3 pixefs and only the SU links in the
center pixel are used for throughput analysis. Without loss
of generality, the pixel is assumed to be centered at a random
chosen TV receiver to simplify the calculation of the aggiteg
g)—:‘condary interference, which is supposed to be statlgtica
[dentical for any TV in the same pixel. Note that, due to
6ilision avoidance, not all deployed SUs would be active

environment, each SU with active traffic load is associatetayto-rate function is not applied for calculating throughppecause SINR
with a contention domain centered at itself. CSMA/CA pran our paper is sometimes significantly larger than the imgsteference value

tocol ensures that at any given time slot, there is at md%§
one (randomly chosen) active secondary link within eacfy

contention domain.

he table.

The size of the studied area is chosen such that it is largar the
minant interference region [9], where more th#h5% of the aggregate
ACI is originated.



at the same time, thus we assume the geo-location datalthgeTV signal quality is good enough, the secondary system
has integrated the CSMA/CA protocol into the Monte Carleefrains from increasing its transmit power as it would fesu
simulation process to determine the permissible transowigp in a large contention domain and lower the throughput due to
such that the TV receiver location probability is no lessollision avoidance.
than 94%. Finally the optimal transmit power is obtained by On the other hand, the TV signal quality has almost no effect
maximizing the average link throughput by an iterative ps¥ on the secondary system performance in the urban scenario.
while ensuring the TV protection. It implies that the optimal transmit power of TVWS system
could be achieved even with very low TV signal strength.
The reason is twofold: firstly, the denser deployment in the
We consider two scenarios in this paper: rural and urbagban scenario means a higher chance of collision; secondly
In the rural scenario, small houses with roof-top antenmas ahe shorter coverage distance requires less transmit pwer
randomly deployed in the pixels using a homogeneous Poiss@hieve a reasonable SINR level.
point process with density. One set of secondary AP and UE
is deployed for each house. To satisfy the worst interferir
case, we consider a secondary uplink transmission (Fig. 2 . 1501
Edge performance is evaluated for a coverage distance of
meters. ITU-R P.1411 propagation models between termin.
locatedover andbelow roof-top height [14] are adopted for
interfering and transmission link respectively. In the amb
scenario, five buildings of 7-floors are deployed regular
in each pixel. The user density is controlled through tr
density in each floor which contains several apartments.
downlink transmission (Fig. 2b) with a coverage distance
to 10 meters is considered in this scenario. ITU-R P.12:
propagation models [15] and Log-distance path loss moc
are used for transmissions inside the building and betwe
different buildings respectively. Regarding the Wi-Fi tgya
in the ISM band, an IEEE 802.11g network with 3 non

overlapping 20 MHz channels operating in 2.4 GHz is s 100 . ‘ ‘ :
-71  -70 69 -68 -67 -66  —65

B. Scenario Model

—p— TVWS band in Rural area

145F | - - TVWS band in Urban area 1
140} —=#— |SM band in Rural area |
— B - ISM band in Urban area

135} 1

Maximum average throughput per user (Mbps)

according to [16]. TV signal strength (dbm)
C. Simulation Parameter Fig. 3: Maximum average throughput versus TV signal

Monte Carlo simulations are performed to examine trarength.\ = 30 SUs/km? in rural, 3000SU s/km? in urban,
impact of the environmental parameters on the system p&rehannel aggregation, unoccupied TV channel number = 8.
formance, including TV signal strength, user density and un
occupied TV channel number. Considering TV signal shadow
fading standard deviation of 5.6 dB, the minimum TV receivB. Impact of Channel Aggregation

signal strength?/, should be at least -71 dBm to guarantee The effect of different numbers of channel aggregation

¢* = 95%. Thus the worst TV signal quality studied injs jlustrated in Fig. 5. Generally speaking, having a wider

our paper isP;, = -71 dBm. The value of user density antthannel bandwidth results in a better throughput even thoug

unoccupied TV channel number are set based on reference [8heans more SUs transmitting on the same channel and

and [6]. The parameters for the two scenarios are summarizgflincreased risk of collision. Although a more realistitki

in Table I. throughput model, e.g., with lower bandwidth efficiency,yma

limit the advantage of having a wider channel bandwidth, the

. general trends would remain similar. With channel aggiegat

A. Impact of TV Signal Strength of four or more 8 MHz channels, the secondary system can
In Fig. 3, the impact of TV signal strength on averageutperform the traditional Wi-Fi with 20 MHz in the ISM

throughputis presented in both scenarios. In the ruraleséen band.

the secondary user average throughput increases sigtiifican o

as the TV signal quality improves. Nevertheless, there is &n Impact of TV Channel Availability

upper bound in throughput when the TV signal quality reachesFig. 6 shows the impact of unoccupied TV channel num-

certain level. This is illustrated in Fig. 4, which shows théer. As expected, having more available channels generally

relation between maximum permissible transmit power amelads to a higher throughput. However, a somewhat surgrisin

optimal power selection. At low TV signal quality, the opéim phenomenon is that the throughput actually declines when a

power always selects the maximum permissible power becalmge number of TV channels are available but the TV signal

the secondary system is still noise limited. However, wheas weak. This is because a large number of available channels

V. NUMERICAL RESULTS AND ANALYSIS



TABLE [: Simulation Parameter

Parameter Rural Urban
TV receiver sensitivity -80.6 dBm -80.6 dBm
TV signal standard deviation 5.6 dB 5.6 dB
TV receiver antenna directivity | Defined by ITU-R BT419-3 [17] Omni-direction
TV antenna gain 10 dBi 0 dBi
TV protection ratioys,, -37 dB -37 dB
Location Probability Thresholg** 0.94 0.94
Unoccupied TV channel number 4-32 4-32
Pixel size 1 kmx1 km 250 mx250 m
House/Building size 10 mx10 m 100 mx50 m
House/Building height 10 m 7x3 m
User density 10-100 SUs/km2 1000-5000 SUs/km2
Indoor-wall loss 2 dB for TVWS, 4 dB for ISM 6 dB for TVWS, 10 dB for ISM
Outdoor-wall loss 4 dB for TVWS, 8 dB for ISM | 15 dB for TVWS, 20 dB for ISM
SU signal shadow fading o=4dB o=6dB
Noise level -174 dBm/Hz -174 dBm/Hz
30 _350
—k— Max permissible in Rural area a -
|| - % - Max permissible in Urban area s I TVWS in Rural
£ 25} —»— Optimal value in Rural area 1 5 3007 EEETVWS in Urban ]
Z - B>— Optimal value in Urban area 4 ISM band in Urban
9] 5 ==A |SM band in Rural
S _ %k Q 250
o 20 - | 5
E— a
= §
@ 3 200
§ 15 1 £
5 S
3 & 150
=} [
> 10 i =
3 £
S 2 100
o 5f 1 3
n =
%0 0 2 4 8
0 [‘>____‘____[?-___T___-l?____‘____{? Channel aggregation number
=71 =70 -69 -68 -67 -66 -65

TV signal strength (dbm) Fig. 5. Maximum average throughput versus channel aggre-

Fig. 4: Relation between permissible power and optimal pow@ation scheme = 30 SUs/km? in rural, 3000SU s/km? in

at different TV signal strength\ = 30 SUs/km? in rural, urban, TV signal strength = -65 dBm, unoccupied TV channel
3000 SU s/km? in urban, 2 channel aggregation, unoccupigaumber = 8.

TV channel number = 8.

indicates that the network congestion has a stronger impact
on the system performance than the limit on the permissible
transmit power. The effect of potential collision is more
pvious in the dense urban scenario, where traditional Mi-F
ISM band, with a higher propagation loss and consequentl
étass collision, outperforms the secondary system in TVWS.

VI. CONCLUSION

In this paper, we have investigated the performance of a
Wi-Fi like secondary network operating in TVWS with adap-
tive system configuration that can maximize its throughput
while ensuring TV protection. Numerical evaluations have
Fig. 7 depicts the maximum average throughput as a furlmeen performed for rural and urban environments, where the
tion of user density in both scenarios. Clearly, the dedngas permissible secondary transmit power is adjusted accgtdin
lines illustrate that the Wi-Fi like system is more suitabléhe regulation frameworks for geo-location database t&skis
for low density areas where collisions seldom happen. Tkecondary system.
increasing SU density would cause more collision avoidance As indicated by simulation results, a secondary system with
as well as a lower permissible transmit power due to aggeeg&iw density has a slight advantage over Wi-Fi in the ISM band
interference constraint. However, the shrinking gap betwedue to the better coverage of the TV band, but it loses this
link throughput with different TV signal qualities in Figa7 advantage in the urban environment as the deployment gtensit

allows more active users to transmit simultaneously andezau
a higher cumulative effect of multi-channel interferencéte

TV receiver. Therefore, the SUs are forced to reduce thé]
transmit power and the throughput declines due to a lo
SINR. Compared with the ISM band, around 16 unoccupi
channels are required for TVWS system to achieve a higher
throughput with aggregation of two TV channels, which is
available in most European countries according to [6].

D. Impact of User Density
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