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Abstract. This paper addresses the cognitive Geostationary Orbit
(GSO) satellite uplink where satellite terminals reuse frequency bands
of Fixed-Service (FS) terrestrial microwave links which are the incum-
bent users in the Ka 27.5-29.5 GHz band. In the scenario considered
herein, the transmitted power of the cognitive satellite user has to ensure
that the interference impact on potentially present FS links does not
exceed the regulatory interference limitations. In order to satisfy the
interference constraint and assuming the existence of a complete and
reliable FS database, this paper proposes a Joint Power and Carrier
Allocation (JPCA) strategy to enable the cognitive uplink access to GSO
Fixed Satellite Service (FSS) terminals. The proposed approach identi-
fies the worst F'S link per user in terms of interference and divides the
amount of tolerable interference among the maximum number of FSS
terminal users that can potentially interfere with it. In so doing, the cog-
nitive system is guaranteed to never exceed the prescribed interference
threshold. Subsequently, powers and carriers are jointly allocated so as to
maximize the throughput of the FSS system. Supporting results based
on numerical simulations are provided. It is shown that the proposed
cognitive approach represents a promising solution to significantly boost
the performance of conventional satellite systems.

Keywords: Cognitive radio - Satellite communications - Resource
allocation

1 Introduction

The Digital Agenda for Europe foresees broadband interactive access as a cor-
nerstone in the recovery and development plan for Europe [1]. The challenging
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Fig. 1. Spectral coexistence of FSS uplink with the FS terrestrial link in the Ka-band
(27.5-29.5 GHz)

objectives set forth by the European Commission are to provide basic broad-
band access to all Europeans by 2013 (at least 30 Mbps) and to ensure that at
least 50% of the households get 100 Mbps by 2020 [2]. In this context, Satel-
lite Communications (SatCom) can play a key role to ensure ubiquitous coverage
including remote and rural regions, where terrestrial deployment cannot be guar-
anteed or its cost is prohibitive. Traditional single-beam satellites operating in
C/Ku-band show limitations in supporting the flexible distribution of bandwidth
needed for broadband applications [3,4]. Novel multi-beam satellites operating in
the Ka-band frequency spectrum have recently gained attention among satellite
telecommunication industries because they can significantly enhance the system
capacity as a result of higher frequency reuse and multiple narrowly focused
beams. Examples of high throughput satellites operating in Ka-band are Eutel-
sats KaSat [5], VIASAT 1 [6] and SES-12 [7].

The provision of widely available and competitively-priced broadband satel-
lite services critically depends on the availability of radio spectrum resources.
Spectrum congestion has been identified as the main limiting factor in providing
solutions meeting the user expectations by 2020 [8]. Cognitive Radio (CR) [9] is
conceived as an ideal spectrum management tool to solve the spectrum scarcity,
as it enables unlicensed systems to opportunistically utilize the underutilized
licensed bands. As far as cognitive SatCom is concerned, recently a number of
research projects have been undertaken to address the spectrum sharing concept
between two satellite systems or between satellite and terrestrial systems [10-
13]. Within [10], three scenarios have been identified as potentially positively
impacted by the use of CR techniques. In this paper, we consider one of the
preselected scenarios in [10]: an uplink Ka-band FSS cognitive system reusing
frequency bands of Fixed-Service (FS) terrestrial microwave links (incumbent
systems), as depicted in Fig. 1. In this scenario, the FSS terminal users can max-
imize frequency exploitation by flexible utilization of the FS segment through
the adoption of CR techniques in the satellite uplink. Therefore, this scenario
falls within the underlay CR paradigm [14], whereby the uplink power density
of the FSS system has to ensure that the interference impact on the poten-
tially present F'S links does not exceed the regulatory interference limitations.
The applicability of CR in the aforementioned scenario was discussed in [15,16],
considering realistic channel propagation conditions, concluding that both satel-
lite and terrestrial systems could potentially operate in the same band without
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degrading each other’s performance. Here, we go a step further, and consider
designing efficient resource allocation algorithms for this scenario. Our goal is to
optimally assign carriers and adjust the transmit power of the cognitive devices
so that the individual QoS requirement is satisfied and the interference at each
of the F'S stations is kept below the given threshold. Assuming a FS database-
assisted approach in which the interference caused at the incumbent system can
be perfectly determined and assuming free space path loss between satellite ter-
minal and terrestrial stations, the proposed approach identifies the worst FS
link per user in terms of received interference and divides the amount of tolera-
ble interference among the maximum number of FSS terminal users that might
potentially interfere with it. In so doing, a transmit power limit is obtained per
user and carrier level. This simple and conservative strategy guarantees the cog-
nitive system to never exceed the prescribed interference threshold. The severe
restriction in transmit powers is compensated by an efficient Joint Power and
Carrier Allocation (JPCA) module that allocates the available resources so as
to maximize the overall satellite system throughput.

The remainder of this paper is structured as follows. Section 2 reviews
the regulatory context as applied to the frequency bands under consideration.
Section 3 introduces the signal model. The proposed cognitive exploitation
framework is described in detail in Section 4. Section 5 provides supporting
results based on numerical data. Finally, conclusions are given in Section 6.

2 Regulatory Context

Satellites featuring Ka-band transponders have existed for more than a decade.
At ITU-R level, the frequency allocations to the FSS uplink span across the
whole 27.5-30 GHz, with only 500 MHz available exclusively for FSS terminals
and the remainder is shared with terrestrial FS links. In Europe, the CEPT
framework provides for FSS Earth stations exemption of individual licensing in
certain parts of the Ka-band [17]. CEPT sets the band 29.5-30 GHz for exclusive
FSS use (same as ITU) and the rest is segmented into specific portions designated
for use by uncoordinated FSS Earth stations and for the use by terrestrial FS
links. It should be noted, however, that CEPT decisions are not mandatory
instruments, and CEPT administrations may choose not to implement them.
Examples of european counties not following this decision are UK, Denmark,
Austria, Sweden and Lithuania. At the time being, the FSS satellite system is
only allowed to operate in the exclusive 29.5-30 GHz band, which is insufficient
to meet future demands. Different research projects [10,12] are investigating
whether CR techniques could help resolve this specific sharing scenario. In this
respect, this paper investigates FSS cognitive satellite terminals operating in
the Ka band 27.5-30 GHz, reusing frequency bands of FS links with priority
protection.
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3 Signal Model

In the Ka band scenario being addressed in this paper, the cognitive FSS ter-
minals might impose interference to the terrestrial FS incumbent system. Let
us assume a scenario with L FSS terminal users and N FS microwave links.
The aggregated interference power caused by the L cognitive transmitters at the
n-th FS microwave station for a particular carrier frequency f,,, m=1,..., M,
is given by,

L
[n(m) = Zpl 'gl,n(m)v (1)
=1

where p; denotes the transmit power of the I-th FSS terminal and g¢;,(m) =
|hl,n(m)|27 with hy ,(m) being the average cross-channel coefficient from the I-th
FSS terminal to the n-th FS station when the FSS user is transmitting at f,.

This average cross-channel gains g; ,(m) can be seen as the Cross-Channel
State Information (CCSI). Throughout this paper, we assume a FS database-
assisted approach in which perfect CCSI is assumed available at the F'SS system.
Clearly, the accuracy and completeness of the available database determines
the quality of the CCSI. In this respect, verification of available database via
measurements will be considered in future works. The cross-channel gains g, (m)
can be expressed as follows,

gl,n(m) = Ggfs(elfﬂ) . GE?(O% en,l) ' L(dl,’ru fm) (2)
where,

— GE39(9): Gain of the FSS transmitting antenna at offset angle 6.

— 6; ;: Offset angle (from the boresight direction) of the i-th station in the
direction of the j-th station.

GES(n,0): Gain of the n-th FS station antenna at offset angle 6.

Andf
distance and f being the carrier frequency.
— d; ;: Distance between the i-th transmitter and the j-th receiver.

2
- L{d, f)= ( < ) : Free space path loss with d being the transmitter-receiver

The radiation patterns GE3S() and GES(n,0) can be obtained from ITU-R
S.465-6 and ITU-R F.1245-2, respectively. Unlike [15,16], we consider the worst
case propagation model that would result from a line-of-sight path through free
space, with no obstacles nearby to cause reflection or diffraction. In (2), it is
assumed that the interfering signal falls within the victim bandwidth. If the
spectra do not overlap completely, then a compensation factor of Bgyerlap /BFS
is applied, where Bogyerlap stands for the portion of the interfering signal spectral
density within the receive filter bandwidth given by B¥S.

Satisfying Quality of Service (QoS) requirements of the incumbent FS link
requires guaranteeing received interference less than a tolerable level Iiy,; . This
protection condition is expressed mathematically as,

In (m) S Ithr,n (3)
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Fig. 2. Block diagram of the cognitive exploitation framework.

Such limitations are defined by the regulatory authorities. Typical reference
limitations are given by ITU recommendations such as ITU-R F.758, where the
interference level is recommended to be —10 dB below the receiver noise.
Apart from the transmit power limits given by the interference constraints,
each FSS terminal has its own power limits. According to CEPT, the maximum
EIRP of FSS terminals shall not exceed a value in a range from 55 dBW to 60
dBW. As far as cognitive QoS is concerned, a minimum signal-to-interference
and noise ratio (SINR) shall be guaranteed for correct decoding. Therefore,
Prin(m,l) < p; < Puax where Py denotes the maximum allowable trans-
mission power due to regulatory issues and Pyin(m,l) denotes the minimum
required power for [-th FSS user to close the link over the m-th carrier.

4 Cognitive Exploitation Framework

One of the major challenges for cognitive uplink satellite communications is,
thus, how to optimally assign carriers and adjust the transmitted power so that
the individual QoS requirement is satisfied and the aggregate interference at each
of the F'S stations is kept below the given limit. The level of received interference
at each FS station depends both on the transmitted powers p;, I =1,..., L, and
also on the carrier assignment. Therefore, power and carrier allocation should
be considered jointly, which lead to cumbersome optimization problems [18].

In this paper, we follow a simple, but efficient approach in which the trans-
mit power and the assigned carrier of the F'SS terminals are determined based
on the worst cross-channel condition. The proposed approach first evaluates the
cross-channel gains at the carrier level based on the available information at the
FS database. With this information, the Network Controller (NC) of the FSS
systems is able to identify the worst FS link in terms of received interference
per user and per carrier. Next, the amount of tolerable interference of the worst
incumbent FS link is divided among the maximum number of FSS terminals
that can potentially contribute to its aggregate interference. Subsequently, the
maximum transmitted power of each FSS station is derived per each carrier
and user. The resulting powers are fed to the JPCA module in order to allo-
cate the resources by maximizing the overall throughput of the FSS system.
The schematic diagram of the cognitive exploitation framework is depicted in
Fig. 2. Next sections are devoted to describe in detail the proposed cognitive
exploitation blocks.
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4.1 Cross-Channel Evaluation and Identification of Worst FS
Receiver

Having complete information on FS database allows the NC to compute the
cross-channel gains g; ,(m), l=1,...,L,n=1,...,N,m=1,..., M, as in (2).
Therefore, for each carrier frequency, the cross-channel matrix G(m) € RE*XN
can be described as follows,

91,1(m) T gl,N(m)
Gm)=| = . i | (4)

9L71(m) gL,N(m)

For each [-th FSS user, the identification of the worst F'S station in terms of
interference consists in determining the one with maximum cross-channel gain,
nw(m,l) = max, [G(m)],, where [G(m)], denotes the [-th row of matrix G(m)
and ny(m,l) indicates the worst FS station of user | operating in carrier m.
These worst FS stations in terms of received interference will determine the
maximum allowable transmit power per user.

4.2 Transmit Power Limits

The first step is to obtain the interference power limit for each FSS terminal
user at a carrier level. For a particular [ FSS user, the interference limit of the
worst F'S receiver, Iin, ., (m,i) [W], is broken into different portions according to
the maximum number of FSS users that can potentially interfere with it. This
is,

BFS -1
Iy(m,l) = Ithr,nw(myl) (BFSS) . (5)

where the fraction 5%233 gives the maximum number of FSS terminals that fit
in the FS frequency band. Therefore, the transmit power limit is established to
ensure that the following individual interference constraint is satisfied,

Iw(m, Z) < b - G’{“fs(al,n) ! Ggi(nv gn,l) : L(dl,nv fm) (6)

As a consequence, we can obtain the maximum transmission power that FSS
terminals should not exceed to guarantee the incumbent system protection in
the following way,

Iy (m,1)
max 7Z = . 7
b (m ) G%fs(elfﬂ) . Gl}jii(na en,l) : L(dl,na f’m) ( )

Note that there could be some frequencies where no FS is deployed leading to
Pmax(m,l) — oo or very good conditions in which pyax(m,l) > Ppax. More-
over, we might face the opposite situation in which the interference constraint
is too strong and the value of pyax(m, () is below the minimum required power.
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To overcome this infeasibility conditions, the resulting pmax(m,!) are subject to
the following adjustments,

Pmax if pmax(mv l) > Pmax
p<m7 l) = pmax(ma l) lf Pmin(ma l) S pmax(ma l) < Pmax (8)
0 otherwise

For notational convenience, we define P € RM*L as the matrix containing
the maximum allowable powers due to interference constraint,

p(1,1) -+ p(1, L)
P — . . . (9)

p(M,1) - - p(M, L)

Assuming the worst-case interference in which the complete F'S receiver band-
width is shared with cognitive transmitters is a very conservative assumption
which, although protects FS terrestrial system to the maximum extent, it might
cause undesirable reductions in the F'SS system throughput. This loss in perfor-
mance, however, can be efficiently compensated with proper carrier allocation by
favoring uplink transmissions on carriers with better cross-channel conditions.

The conservative power derivation, thus, ensures that any combination of
the powers contained in P never results in an aggregate interference above the
acceptable threshold Iipy ., (m,1)- Next section is devoted to optimally choose a
power and carrier combination from P that maximizes the sum-rate of the FSS
system.

4.3 Joint Power and Carrier Allocation (JPCA)

Having tackled the problem of incumbent terrestrial system protection, this
section is devoted to optimally allocating the carriers and powers among FSS
terminal users by maximizing the total FSS system throughput. We denote
b; € RMX1 the carrier assignment of I-th FSS user. The elements of b; work
as an indicator function: “1” if m-th carrier is assigned to the [-th user and “0”
otherwise. For notational convenience, we stack all the carrier assignments in
the matrix B = [bl bL]. Here, we assume that the FSS users are allocated
within the same beam, and each carrier includes a frame which can accommo-
date a maximum number of users. However, for simplifying the description of the
resource allocation module, we assume herein that each carrier can be assigned
to only one user. Extension to the case where a given number of users share
the same carrier using time division multiplexing (MF-TDMA or Mx-DMA) is
then straightforward. Since we assume that at each time, only one user can use
a carrier, thus for each carrier m, we have Vm: Zle b(m,l) = 1. Note that hav-
ing obtained the carrier allocation matrix B, it is straightforward to compute
the corresponding power allocation as p; = bfl p;, where p; stands for the [-th
column of P.

As discussed in the previous section, the information regarding the maximum
allowable power for each user over each available carrier is available in the NC.
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This information is used to determine the value of b(m,l) to be zero or one
by maximizing the overall throughput of the system according to the following
optimization problem,

L
max [lvec(B © R(SINR))[,,  st. > b(m,1) =1, (10)
=1

where ® denotes the Hadamard product, vec(-) denotes the vectorization opera-
tor, [|-[|;, denotes the /;-norm and R(SINR) denotes the rate matrix with 7y,
l=1,...,L,m=1,..., M, elements indicating the DVB-S2X rate [19] associ-
ated with the corresponding SINR value. In (10), SINR € RM*L denotes the
SNR values derived from P as follows,

_ p(m. 1) - GEP(0) - [G/ Tl (1) - LD, fun) 1)
k BFSS ’

SNR(m, )

where [G/ T}SRQT (1) is the satellite gain over noise temperature for the I-th FSS
terminal user, GES5(0) denotes the FSS terminal antenna gain in the boresight
direction ( = 0°) and D is the distance between the FSS terminal and the
satellite. On the denominator, k is the Boltzmann constant. The SINR values
are obtained considering a [C/I ]SRiT term which accounts for the co-channel
interference.

We solve the optimization problem in (10) using the Hungarian algorithm
[20], which provides an efficient and low complexity method to solve the one-to-
one assignment problem in polynomial time.

5 Numerical Evaluation

In this section, we present some numerical results to demonstrate the perfor-
mance of the proposed JPCA technique to give Ka-band cognitive uplink access
to the FSS terminals reusing frequency bands of FS terrestrial microwave links
with priority protection.

5.1 Simulation Setup

The FS database is extracted from the ITU-R BR International Frequency Infor-
mation Circular (BR IFIC) database [21]. In particular, we focus on the database
related to Slovenia with more than 3,300 records, which is one of the most com-
plete database available for this scenario in BR IFIC. We consider an F'SS multi-
beam satellite system and focus on a representative beam of 155 km radius with
its center located in the capital and largest city of Slovenia, Ljubljana (46.0553°N
and 14.5144°E). The beam gain [G/T]SRiT (1) is computed as [22],

SAT 1\ _ satr [ Ji(u(e)) Ja(u(pr) )
[G/T]Rx (l)_[G/T}Rx,max ( 2“(901) +36 U(QOZ)S ) (12)
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where [G/ T}]ii’,{‘nax is the maximum satellite antenna gain, J, is the first kind
of Bessel’s function of order p and u(p;) = 2.07123 - sin(y;)/ sin(pzqap), with ¢;
and p3qp = 0.2° being the satellite nadir angle corresponding to user [ and the
half-power beamwidth, respectively.

The performance was evaluated by averaging over 50 independent FSS ter-
minal geographical distributions, which were selected uniformly at random for
each realization within the considered beam footprint according to the popula-
tion density database obtained from the NASA Socioeconomic Data and Appli-
cations Center (SEDAC) [23]. The number of FSS terminals L is set to be 356,
which coincides with the number of carriers to be assigned. A summary of the
most relevant parameters and the FSS link budget details are presented in Table
1. An example of FSS terminal users distribution together with the location of
the FS stations and the beam pattern of the F'SS satellite obtained with (12) is
depicted in Fig. 3.

Table 1. Simulation Parameters

29 dB/K

/ d — \~\ . 28 dB/K
. o\ - Parameter Value
oo T : 2 s B 7MLz
ek //. VA Shared band 27.5 — 29.5 GHz (285 carriers)
2 s 5 ot 25 di Exclusive band 29.5 — 30 GHz (71 carriers)
460N Al \ N oo Paramoters for FSS system
N7 N o ) r Reuse pattern 4 color (freq./pol.)
\ : : 23 B Satellite location 13°E
i : /TR 20.3 dB/k
EIRP 50 dBW
- x_Ljublana 71 o [C/13AT 10 dB
450 Z 20 dBik GEE8(0) 42.1 dBi
180 15 € 140E 145 E 150E 1S5E 160 € 165E 170 E Antoe o L
Terminal height 15 m
. . Altitudes above the sea level From [24
Fig. 3. Beam pattern of the FSS satellite i rom B4
over Slovenia. Parameters for FS system From database
B 7 or 28 MHz,
GES(n,0) Vn 34 dBi
Antenna pattern ITU-R F.1245-2
Antenna height 10 m
Tinen —137.55 dBW @ 7 MHz
—131.53 dBW @ 28 MHz

5.2 Numerical Results

Fig. 4 shows the aggregate interference caused by the cognitive FSS system and
received at the FS stations in terms of Cumulative Distribution Function (CDF)
with and without the proposed JPCA module. For the latter, a random carrier
assignment is considered and p; = Ppax, VI. For the JPCA case, the optimal and
one sub-optimal combination of the powers contained in P are plotted in Fig. 4.
The minimum aggregate interference threshold is depicted as well in the figure
for comparison purposes. It can be observed that the interference generated by
the FSS system at the incumbent system exceeds the acceptable threshold when
no optimal resource assignment is employed and it is kept always below the
threshold when using the proposed JPCA technique.

The effect of the transmit power limit given by the interference constraint
(3) is evident by a glance of Fig. 5, where the SINR of the F'SS terminal users is
shown in terms of CDF with optimal, suboptimal and without JPCA. An imme-
diate observation is that the SINR degrades when transmit power limitations
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Table 2. Throughput per beam

Case Technique Value (Mbps)
Exclusive only w/ JPCA (subopt) 699.5136
w/ JPCA (opt) 699.5201
Shared+Excl. w/o FS|w/ JPCA (subopt)| 3538.0503
w/ JPCA (opt) | 3538.5299
Shared+Excl. w/ FS |w/ JPCA (subopt)| 3347.6373
w/ JPCA (opt) 3538.1431

apply, i.e., when FS terrestrial microwave links are protected. In particular, 35%
of FSS users experience SINR values below 9.8 dB in the FSS-FS coexistence
case when resources are not allocated optimally, which decreases down to 22.5%
if the proposed JPCA is employed, and to 9.3% when the transmit power is not
limited (blue line).

coF
o

o
SINR (68)

Fig. 4. CDF of aggregate interference Fig. 5. CDF of SINR distribution

Similarly, Fig. 6 presents the comparison of rate distribution in the considered
scenario. From the figure, it can be noted that the beam availability in the
presence of the incumbent FS system is less than the beam availability when
no power constraints apply (blue line). Further, it is clear that employing the
proposed JPCA attains a throughput per user that is very close to that attained
in the absence of transmit power limitations.

Fig. 7 illustrates the achieved per beam throughput. To obtain greater insight,
Table 2 summarizes the results shown in Fig. 7. It is worth to point out that the
additional spectrum together with the optimal JPCA module provides around
405.8% improvement over the conventional exclusive band (29.5-30 GHz) case,
which is almost the same that can be achieved in the absence of F'S microwave
links. This gain reduces to 378.6% when resources are not optimally distributed.
The application of optimal JPCA in the non-shared spectrum scenarios does not
provide much benefit and this is because, in this particular study, all users and
carriers experience similar channel conditions.

6 Conclusion

In this paper, we developed a novel spectrum exploitation framework for cog-
nitive uplink FSS terminals in the band 27.5 — 29.5 GHz, where the incumbent
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Fig. 6. Per user rate Fig. 7. Throughput per beam

users are Fixed-Service (FS) microwave links. Results based on computer sim-
ulations were presented, which showed that the FSS system throughput can be
significantly improved by using the proposed cognitive exploitation framework
while guaranteeing the sufficient protection of incumbent FS systems.
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