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Abstract—In this paper we analyze the prospects of deploy-
ing a cellular network in the TV whitespaces. We study the
challenges of planning for a large-scale transmitter network
that is constrained by an interference-to-primary regulation. For
this purpose we derive a novel methodology to maximize the
downlink capacity at the cell edge of base stations that makes
use of a heuristic algorithm for per-channel power allocation.
A discretized formulation as a multiple-choice nested knapsack
problem is presented and scenario-specific algorithmic improve-
ments are discussed. The methodology is assessed for the case of
Germany which, due to the specific challenges of the geographic
region, can be considered indicative for similar deployments in
other countries.

I. INTRODUCTION

TV whitespaces (TVWS) have received attention from

academia and industry due to their promise to provide vast

amounts of spectrum for secondary use with low-complexity

protection requirements of the incumbent. In the U.S. the FCC

has issued a Memorandum Opinion and Order to grant sec-

ondary access to low-power and portable devices [1]. Europe is

starting to catch up with a first ECC report discussing technical

requirements [2] and the U.K. regulator Ofcom starting first

field trials for a corresponding infrastructure [3].

While the expectations from using TVWS for wireless

broadband service are high, the commercial and technical

viability of TVWS operations is still largely unknown. After

a phase of intense research on the general availability of

whitespace spectrum, e.g. by Harrison et al. for the U.S. [4]

and van den Beek et al. for Central Europe [5], the focus

is now starting to move towards defining tangible secondary

use models. An evaluation of the performance of well-defined

secondary systems in realistic scenarios will eventually help

to gauge the market prospects for TVWS-driven technologies

and potentially guide subsequent regulatory rule-making.

In this paper we study cellular systems for the TVWS as

an example of controlled deployments under common admin-

istration. A single cellular system with exclusive access to

TVWS is considered where each base station uses preallocated

TV channel frequencies in downlink direction to provide

continuous coverage in its cell area. Example applications for

this whitespace exploitation type include local multicasting

networks for large data quantities or capacity extensions to

existing 2G/3G networks. Exclusive, license-based access is a

lightweight approach to more efficient spectrum exploitation

in TVWS that lowers the risk of uncontrolled interference to

primary systems. It may therefore become a viable solution

in a complex regulatory and technical domain, where oppor-

tunistic access is not possible. For the envisioned use case

we have developed a novel methodology to solve the power

allocation problem for single-authority secondary transmitters

in an interference-to-primary-constrained environment. We

show that the problem is of similar complexity as a discrete

multiple-choice nested knapsack problem, but that a heuristic

algorithm can make use of the specific properties of the

spatial configuration and propagation characteristics. System

performance is assessed for the territory of Germany, which

is a particularly challenging environment due to high urban

densities and inherent cross-border dependencies.

This paper is organized as follows: Section II defines the

system model of the co-existence case between TV and cellu-

lar networks. We formulate the general optimization task for

the cellular operator as a link spectral efficiency maximization

problem in Section III. In Section IV a discretized version of

the optimization problem is derived for which a solution can be

found by a heuristic algorithm. Our evaluation was carried out

in the TVWS of Germany, whose properties we shortly discuss

in Section V. Results of extensive simulations are presented

in Section VI. Finally, conclusions are drawn in Section VII.

II. SYSTEM MODEL

We study the performance of a cellular network co-located

with a TV broadcasting network. The TV network broad-

casts in several channels through a number of high-power

transmitter towers at exposed geographic locations. Channel

allocation and transmit power planning in the TV network is

optimized for extensive coverage and high reception quality.

For a digital network such as the DVB-T network this means

that the signal-to-interference-and-noise-ratio (SINR) at any

point in the coverage area of a tower is above the decodability

threshold for the used modulation scheme.

The cellular network will introduce interference into the

DVB-T system that will lower the perceived SINR of the

primary TV receivers. Secondary operations therefore need

to be regulated and the operational constraints for secondary

transmitters need to be defined. While in the U.S. the FCC

defines a minimum distance between TV receivers and sec-

ondary devices in conjunction with a power constraint for the
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transmitters [1], the European working group SE43 aims for

a more flexible framework where higher transmit powers for

more distant secondary transmitter will be allowed. We loosely

adopt the latter approach in this paper due to its increased

flexibility. Similar to the authors in [4] we first define for each

channel c ∈ C the protected area Sc as the set of locations

{Rc
j} for which

SINRmin ≤ SINR
Rc

j
c

SINRmin ≤ P
c
Pr +AG− PLPr→Rc

j
− L−N − IM, (1)

where P c
Pr is the equivalent isotropically radiated power

(EIRP) of the TV transmitter and PL is the maximum pathloss

from the TV tower for at least 95% of time [6]. In case of

a multi-transmitter network (SFN) only the strongest link is

considered. Antenna gain AG, a general loss margin L for

other factors affecting reception, and thermal noise floor N are

chosen in accordance with our calculation method presented

earlier [7]. The interference margin IM with IM > 0 dB
specifies the tolerable reduction in coverage due to the intro-

duction of the cellular system. To preserve coverage in the

protected area, it must hold that

I
Rc

j

CC,c + γ × I
Rc

j

AC,c ≤ . . .

10
Pc
Pr

+AG−PLPr→Rc
j
−L

10 × 10
SINRmin

10 −N [mW ]
︸ ︷︷ ︸

I
Rc

j
max,c

, (2)

where I
Rc

j

CC,c is the co-channel interference caused by the

secondary system on channel c at location Rc
j in the pro-

tected area. Quality issues of the receiver-side RF filters and

intermodulation products of the signal require to additionally

account for adjacent-channel interference (ACI), defined as

I
Rc

j

AC,c =

c′=c+k∑

c′=c−k,c′ 6=c

I
Rc

j

CC,c′ . (3)

ACI is limited to the 2k closest channels relative to c and

discounted by the adjacent channel rejection ratio (ACRR)

γ which is usually determined to be around −40 dB in the

logarithmic scale (0.01% of co-channel power) [8]. We will

furthermore use

S ≡
⋃

c∈C

Sc = {Ri} (4)

to describe the entire operation region of the DVB-T system.

III. OPTIMIZATION TASK

The secondary cellular network consists of N base stations

distributed in operation region S of the TV broadcasting

network at locations {Li}
N
i=1. Each base station serves down-

link data traffic to Mi users in its cell area Ci = {Uj}
Mi

j=1

composed of the respective user locations Uj . We assume

||Li−Uj || < ||Lk−Uj ||, k ∈ {k ∈ N|1 ≤ k ≤ N, k 6= i} (5)

with ||.|| as L2-norm, i.e., each user is served by the nearest

neighboring base station. Though this prerequisite is generic

in nature, it approximates well the situation in real cellular

networks. Furthermore the shape of Ci converges towards the

intersection of the Voronoi polygon V (Li) [9] and region S for

a large number of users. This significantly eases computation

of cell coverage edges.

In order to reason on the performance of the cellular

network, we study the worst case scenario of a mobile user

located at the cell edge, closest to the TV transmitter. We target

to optimize the composite downlink spectral efficiency

O∗ = max
P i

TX,c
∈R

∑

i

∑

c

κic(P
i
TX,c) (6)

where κic is the downlink spectral efficiency of base station

i on channel c as a function of the maximum base station

transmit power P i
TX,c. In case of an AWGN channel we derive

it as

κic = log2

(

1 +
P i
TX,c

PLLi→CEi
(IiPr,c +N)

)

(7)

where PLLi→CE is the pathloss to the cell edge. Note that

spectral efficiency maximization and capacity maximization

are dual in the AWGN case. For the interference power from

the primary network, IiPr,c, we assume the maximum received

power encountered within the cell.

The amount of secondary interference experienced on each

channel in the operation region depends on the distance-

dependent pathloss and the reference geometry of the interfer-

ence system. We represent this dependency through a coupling

matrix Ψ of the interfering system with elements ψi,j for base

station i and protected location Rj . Each element determines

the fraction of base station transmit power received at the

protected location and is a function of the distance between

locations, antenna geometry and other propagation character-

istics. It can be readily calculated using standard propagation

models and relevant antenna specifications. Without loss of

generality we calculate the coupling matrix here only for the

lowest channel frequency. The selection of transmit powers

P i
TX,c becomes subject to the per-channel constraint

Ψ











P 1
TX,c

...

PN
TX,c




+ γ

c′=c+k∑

c′=c−k,c′ 6=c






P 1
TX,c′

...

PN
TX,c′









 ≤







I
Rc

1
max,c

...

I
Rc

|Sc|
max,c






.

(8)

We furthermore demand

Sc ∩ Ci 6= ∅ ⇒ P i
TX,c ← 0 (9)

to limit interference from secondary mobile users.

Given the size of S, the number of base stations, N , and

the non-linear relationship between interference constraints

and achievable spectral efficiency, the optimization problem

cannot be easily solved by standard optimization tools. For

this reason we approach this problem through solving the dis-

cretized problem of a multiple-choice nested knapsack problem
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(MC-NKP), we can reach a stable solution in a reasonable

computation time.

IV. OPTIMIZATION ALGORITHM

We reformulate the optimization task as a discrete selection

problem. For base station-channel tupel (i, c) we define

Ki
c :N0 →R

+ × R
+ (10)

jic 7→









jic ×∆κ
︸ ︷︷ ︸

κi
c

,
(2j

i
c×∆κ − 1)(IiPr,c +N)

PLLi→CEi
︸ ︷︷ ︸

P i
TX,c









(11)

as a discrete function mapping an integer index value jic to

a tupel (κic,P
i
TX,c). The first tupel element is the discretized

cell edge spectral efficiency, which increases linearly with the

index value. The granularity ∆κ is chosen to an adequate

level, e.g. 0.5 bps/Hz, to keep the computation task viable.

The second element refers to the required base station transmit

power to achieve the aforementioned spectral efficiency. For

each base station we aim to select the highest-valued index

jic for which all interference constraints are fulfilled. Due

to aggregation of the interference across channels and base

stations, this will require a holistic approach in the spectral

and network domain.

By increasing the index value jic to jic +1 we will increase

the interference power in channel c′ at location Rj by a delta

value

∆ι(c′, Rj , j
i
c) = . . .

{
(P i

TX,c(j
i
c + 1)− P i

TX,c(j
i
c))× ψi,Rj

: c′ = c

(P i
TX,c(j

i
c + 1)− P i

TX,c(j
i
c))× ψi,Rj

× γ : c′ 6= c

(12)

Index values can be increased until in at least one Rj

for at least one channel c the interference level exceeds the

acceptable threshold. The problem can be interpreted as a MC-

NKP with m =
∑

c |Sc| bins and equal-weighted profits [10].

The optimization objective becomes

O∗ = max
jic∈N0

∑

c

∑

i

jic (13)

with

∑

i





c′=c+k∑

c′=c−k

ji
c′
−1
∑

j=0

∆ι(c′, Rj , j
i
c′)



 ≤ IRi
max,c

∀Rc
j ∈ Sc, c ∈ C. (14)

The index values jic are interpreted as profits achieved through

operating the particular base station at the corresponding

power. Summed delta values are the weights of items added

to channel- and locationwise interference bins in the operation

region. Since for each (i, c)-tupel exactly one value of jic is

selected, full compliance with the multiple-choice knapsack

problem is achieved. The formal mathematical notation as

tupel-wise sets of mutual exclusive values {jic} is omitted here

for practicality reasons.

The MC-NKP is known to be NP-complete. However,

through analysis of several test cases and the underlying spatial

and radio propagation relationships we found a number of

properties specific to the application of network planning that

can be exploited by a heuristic optimization algorithms:

• Due to the geometric properties, often a weak dominance

of the locations in the operation region can be observed

whereby a location Ri is said to be weakly dominated by

Rj if and only if

ψi,Ri
≤ ψi,Rj

∀i, 1 ≤ i ≤ N. (15)

Dominated points do not need to be evaluated in the

optimization process.

• The propagation characteristics of the system show a high

variance in the coupling matrix Ψ. For (semi-)evenly

distributed base station locations, the coupling between

cellular and TV system is dominated by strong inter-

ference from few nearby base stations to the protected

locations and weak interference from base stations further

away.

A Poisson point process [11] can be applied to sample points

in the operation region for interference constraints testing.

In this case the base station power emissions initially need

to be limited to fulfill the interference constraint in the

single-interferer case for the nearest location in the respective

protection zone. We found that even with a small subset of

sampling points (1% of the original number of locations in

our case) the interference constraints are fulfilled in the entire

operation region.

In order to maximize the system capacity, we initially we

set each jic to the maximum value that fulfills the interference

constraint to the nearest point in the protection zone if no

other interferer is present. We then calculate the aggregate

interference I
Rj
c at each sampling point in the operation

region. In each iteration we select

(Rj
s, cs) = argmax

(Rj ,c)

(
IRj
c − I

Rj
max,c

)
(16)

From the set of base stations we select

(is, c
†
s) = argmax

i,c

(
∆ι(cs, R

j
s, j

i
c − 1)

)
, cs − k ≤ c ≤ cs + k

(17)

and set jis
c
†
s

← jis
c
†
s

− 1. This procedure is repeated until all

interference constraints are fulfilled.

V. DVB-T SYSTEM TEST CASE

We have assessed the cellular use case for the German

DVB-T system due to the good availability of implementation

details. The German Federal Network Agency (BNetzA) pro-

vides a comprehensive technical database of the system as well

as auxiliary data for surrounding countries [12]. Additional

parameters such as the applied modulation schemes in each

multiplex have been retrieved from the respective network

operators. In order to capture the effects of the terrain on
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Fig. 1. The German DVB-T system: Figure 1(a) depicts the number of accessible channels for secondary use. Figure 1(b) visualizes the mean distance to
the protection zone of the accessible channels. In Figure 1(c) the CCDF of channel accessibility is shown when a minimum distance to the protection zone
is required, whereas Figure 1(d) shows the CCDF of the distance to the N th-furthest away protection zone.

the signal propagation, we have calculated the signal level

with the Longley-Rice Irregular Terrain Model [13] using

the Splat! RF-application [14] and a custom MATLAB-based

toolchain. Other simulation parameters have been matched to

the reception prediction of the local operator and are listed in

Table I.

Figure 1(a) shows the number of channels available for

secondary use at different locations in the country. TVWS

especially exist in the north-east and furthermore in the central

parts of the country. The viability of these whitespaces for

secondary operations is determined by their distance to the

protection zone, depicted in Figure 1(b). We notice that while

the absolute channel availability is similar in both areas, the

distance to the protection zones differ significantly.

We further elaborate on this in Figures 1(c) and 1(d). As

required from Equation 9, channel usage should be limited

to those channels that are unused throughout the entire cell

region. This shows to have detrimental effects on the channel

availability. The mean number of accessible channels is being

reduced to 30 and 23 for circular cells of radius 5 km and

20 km, respectively. As we will see in Section VI this quality

degradation severly affects exploitation capabilities for sparse

cellular networks. Furthermore, this observation is in line

with our study of the ranking of protection distances for

individual cell locations. While the most distant protection

zone is on average 152 km away from the cell location, the

second-most distant protection zone is already 30 km closer.

Correspondingly, the fifth-ranked zone is less than 90 km from

any protected location, see Figure 1(d).

VI. SIMULATION RESULTS

To study the cellular network performance, two different

base station placement strategies have been used in the evalu-

ation. In the first scenario, base station locations were chosen

from a Poisson point process [11]. The resulting distribution

is known to have equal mean distances between locations,

which we consider beneficial for coverage as well as inter-

cell interference avoidance. To improve TVWS exploitation

capabilities we have derived a second placement strategy that

selects locations from an inhomogeneous point process with

densities proportional to the L2-norm of the protection zone

distances for all accessible channels. The two strategies are

applied for different numbers of base stations and furthermore

compared to the given configuration of an existing GSM-900

network in the operation region consisting of approximately

20.000 base stations.

 

 

−130dBm −110dBm −90dBm −70dBm −50dBm −30dBm

(a) (b) (c)

Fig. 2. Comparison of system power levels: Figure 2(a) and 2(c) show the
estimated received power on channel 22 of cellular systems with 5.000 and
50.000 randomly distributed base stations, respectively. Figure 2(b) shows the
primary system power on this channel.

The number of base stations in the cellular network de-

termines how efficiently the TVWS can be exploited for

secondary operations. More base stations result in smaller cell

sizes which in turn require less power to achieve a particular

spectral efficiency level. As discussed earlier, large cells addi-

tionally suffer from a decrease in accessible channels which

even more hampers exploitation. In Figure 2 we depict this

dependency by comparing two cellular networks of different

sizes. In the network shown in Figure 2(a), only very few base

stations in the most distant locations are capable of operating

in the TVWS. With more base stations, the TVWS capacity

can be exploited almost completely.

Those base stations that are far away from the protection

zone are most likely to select high transmit powers for the

corresponding channels. In Figure 3 the occurrence rate of

the individual target spectral efficiency levels is shown. For
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Fig. 3. Distribution of per-channel target spectral efficiency values selected
by base stations for different network sizes.

the 5.000-base station network, almost 90% of all base-

station-channel combinations become unusable for distance

and/or coverage overlap reasons. This figure improves with

increasing network sizes, but the power allocation decision

becomes almost binary between selecting the highest transmit

power or not transmitting at all. Intermediate power levels are

universally almost never used. Surprisingly, the GSM network

achieves a better performance compared to networks with

probabilistic placement strategy. We found this to result from

the specific inhomogeneous location density which allows

some microcell base stations in urban areas to achieve high

efficiency with comparably low transmit powers.

The original optimization task of maximizing the cell edge

spectral efficiency performs differently depending on network

TABLE I
SIMULATION PARAMETERS

Primary system parameters

Propagation model ITM Longley-Rice [13], F(99,95)
Receiver antenna height 10 m (fixed roof-mounted)
Receiver antenna gain 10 dB
Preamplifier gain 14 dB (e.g. Maximum UHF 15A)
Feeder losses 7 dB
Thermal noise floor -105.2 dBm
Interference margin 3 dB
Channel bandwidth 8 MHz
Channel model Gaussian
ACRR -40 dB
Adjacent channels ± 10
SINRmin In accordance with ETSI EN 300 744

[15]
Secondary system parameters

Propagation model ITU P.1546-3 [16]
BS→CE: F(95,95)
BS→PU: F(5,5)

BS antenna height 15 m
Max. power emission 46dBm, omnidirectional
Sec. user antenna height 1.5 m
Sec. user antenna gain 0 dB

∆κ 0.5
bps

Hz
F(X%,Y%): At least X% of time for at least Y% of locations.

10
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Fig. 4. Cumulative distribution function of the link capacity L of a user at
the cell edge (without self-interference).

size and configuration. For the 5.000 node network, almost

65% of all base stations cannot use the TVWS at all. In Figure

4 we show the link capacity distribution for a single user at the

cell edge without self-interference from the cellular network.

Note that the lowest configurable spectral efficiency would

provide at least 4Mbps in our scenario, values below this

level point to a complete withdrawal of a base station from

the TVWS. The remaining fraction of base stations using the

TVWS is almost entirely located in the north-east of Germany

where large distances prevail. Only with a significant number

of base stations, in our scenario around 50.000, the cell outage

can be reduced to less than 10%. This high number makes the

TVWS scenario less likely to be commercially viable.
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Fig. 5. Cumulative distribution function of the link capacity L for a user
placed randomly in the operation region. Interference from the primary,
secondary self-interference and thermal noise are included. Marked lines
depict the sum-maximizing placement strategy.

The overall performance of the cellular system can be

assessed from Figure 5. We show the cumulative distribution

function of the point-wise link capacity as experienced by an

arbitrarily placed cellular user. The performance is derived

with inter-system interference from other base stations, pri-

mary interference from the DVB-T system and the regular
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noise floor included. It becomes apparent that between 12

and 68% of the operation region is not served through the

cellular system at all. For the remaining area, a steep increase

in the CDF is observed, i.e. few location achieve high link

capacities while the rest is served with a theoretical throughput

of less than 100Mbps. This theoretical figure assumes perfect

channel conditions, no sharing within cells and does not

incorporate any losses from higher layers, hence practical

values will be significantly lower.

VII. CONCLUSIONS

In this paper we have studied the technical constraints of

exploiting TVWS for cellular network deployments. A newly

developed methodology for power allocation in a secondary

network has been presented and the achievable capacities have

been derived for a country-wide deployment in Germany and

for different network densities and placement strategies.

The results show that though significant amounts of sec-

ondary spectrum may exist, they cannot be efficiently exploited

by low-density network deployments. The targeted universal

coverage within each cell requires power levels far beyond

acceptable interference thresholds. Additionally, the increasing

cell sizes result in a significant degradation of channel avail-

ability. Only dense cellular networks can achieve acceptable

outage probabilities at the global scale.

From our study of different base station placement strategies

we found that homogeneous probabilistic distributions are not

superior to a given real GSM network configuration. Even

when distance-dependent weights were applied the cellular

network performed worse than a GSM network of the same

size. We account this to the observation that the cell-edge

distance is the dominant factor for power level selection.

Densely deployed clusters such as in urban areas can more

efficiently exploit spectrum opportunities. Coverage for rural

areas through TVWS seems to be infeasible under this pre-

requisite.
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