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Spectral Overlap Optimization for DVB-T2 and
LTE Coexistence

Hiba Bawab, Philippe Mary, Member, IEEE, Jean-Francois Hélard, Senior
Member, IEEE Youssef Nasser, Senior Member, IEEE and Oussama Bazzi,

Abstract

In this paper, we analyze the spectral coexistence between the second generation terrestrial Digital
Video Broadcasting (DVB-T2) and the Long Term Evolution (LTE) networks. In particular, the global
spectral efficiency (SE) of both systems is investigated when a partial spectral overlap between DVB and
LTE signals occurs. Our contribution lies in two-folds: i) the interfering signal variance in each network is
derived analytically according to the frequency overlap while taking into account the difference between
the characteristics of LTE and DVB networks, especially the OFDM subcarrier spacing and then the
OFDM symbol duration. ii) the SE is derived with uniform and non uniform power allocation between
overlapped and non overlapped subcarriers of the two networks. This derivation offers an analytical
evaluation of the effect of the spectral overlap ratio variation and different power allocation scenarios

and provides insightful results on the cooperation between the two networks.

Index Terms

DVB-T2, LTE, spectral overlap, power allocation, RF coexistence, interference cancellation (IC)

I. INTRODUCTION

Nowadays, the bandwidth is limited and the demand for high quality multimedia services

is increasing. High data rate services are required, and spectral efficiency (SE) needs to be
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maximized while the consumed power needs to be minimized. Hence, the maximization of SE
and the minimization of the consumed power are today hot topics of interest in the wireless
communication community. Moreover, when the universal TV broadcasting system has moved
from analog to digital to satisfy the increasing demand on higher quality TV experience, a
valuable part of the overcrowded frequency spectrum previously reserved for analog TV has
been released. The Digital Video Broadcasting (DVB-T2) standard and the long term evolution
(LTE) mobile services can both operate in a part of the digital dividend spectrum in the Ultra
High Frequency (UHF) band. For instance, in France, according to the European commission
recommendation, a part of the released spectrum (790-862 MHz) is already used by LTE networks
[1]. The third generation partnership project (3GPP) and DVB are becoming increasingly aware
of the mutual benefits they can expect in terms of quality of service (QoS), profit sharing
and power consumption in case of convergence for a common offer of services [2]. From the
economical side, another noticeable advantage of the LTE-DVB cooperation has been studied in
[3], [4] where the energy consumption of both systems has been shown to be always less than
the total consumption in separate LTE and DVB networks. The decrease of energy is reflected
in a decrease of operational fees and leads to an eco-friendly service network. In this context,
this paper deals with the theoretical evaluation of the common SE of DVB-LTE systems when
spectral overlap is authorized.

An important amount of works has been granted to the study of the spectral overlap coexistence
of LTE-DVB systems. Among these studies, the acceptable level of interference, that both systems
can support when they are located in the same or adjacent bands has been thoroughly studied with
different conditions and criteria. Most of these works are based on simulations or experimental
testbeds, i.e., the robustness of each system to the interference created by the other has been
analyzed numerically.

For instance in [5] the authors have simulated a terminal DVB-T jammed by an LTE/WiMAX
system (in downlink and uplink modes) located in adjacent channels and studied the protection
ratio, defined as the ratio of the interference and desired signal powers, needed for an acceptable
reception. LTE terminals in downlink and uplink, i.e. base stations (BS) or user equipment (UE),
played the role of victims in [6], due to the interference created by a DVB transmission. Therein,
the authors have evaluated the LTE throughput loss w.r.t. the adjacent channel interference ratio
(ACIR).

In [7]-[10], the authors have built a set of experimental testbed to measure the impact of a
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coexistence between DVB-T2 and LTE in different scenarios, with either co-located or adjacent
bands. The performance of DVB systems is evaluated using the quasi error free (QEF), the
modulation error ratio (MER) or the received power criteria while the bit error rate (BER), the
error vector magnitude (EVM) and channel quality indicator (CQI) are rather used for LTE. The
authors have interestingly shown that the performance degradation of the DVB system is highly
dependent on the bandwidth of the LTE signal and its RF level.

In [11]-[15], an experimental testbed dedicated to measure or to simulate the performance of
DVB receivers under an interfering LTE signal has been performed. In particular, the authors
have investigated the interference to carrier ratio when the LTE system is located in nearby UHF
bands. They have quantified the protection distance for broadband system deployment when the
latter is spectrally close to the DVB system.

Furthermore, some authors have even been interested in specific context such as the Australian
LTE and DVB-T coexistence scenario in [16]-[18]. However, the studies are quite similar to
the previous mentioned works and have dealt with the outage probability and/or the protection
distance specification when some LTE devices operate in adjacent bands from DVB-T. Similarly,
the Croatia context has been studied through the measurement of the throughput loss occurred
in an LTE downlink communication overlapped by a DVB-T transmission in [19]. The authors
in [20] have recently investigated potential coexistence issues between DVB and LTE networks
in the 700 and 800 MHz UHF bands by measuring interference protection ratios in laboratory
conditions.

In [21], the authors have analyzed the adjacent channel interference effects of the LTE
downlink signal on DVB-T home receivers. In [22], the authors have analyzed the case where
indoor LTE-A femtocells coexist with DVB-T2 cells. In [23], filter-based interference mitigation
techniques have been studied when LTE mobile system operating in Digital Dividend. In [24],
the authors have investigated the impact of interfering mobile telecommunication services on the
mobile TV services provided by LTE and DVB-T/T2 systems in the same frequency band. The
studies in [21]—-[24] have been based on measurements and simulations. Although all the above
cited works are of interest, a signal-level description of mutual interference between both systems
and their impact on each other performance have not been studied yet. In [25], [26], the mutual
interference has been studied by deriving the ergodic capacity of both systems and evaluating
its variation according to different system parameters. In these works, the ergodic capacity has

been maximized and the optimal operating conditions have been given as a function of the ratio
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of the transmit powers of both systems. However, a rather simple interference model has been
used in these works; if interesting insights on the effect of spectral overlap on SE have been
given undoubtedly, the model does not capture what happens at the signal level. On the other
hand, some studies have been based on SE to evaluate and optimize the spectral coexistence
between two networks, e.g. [27]. However, this latter work has not been interested in giving a
detailed expression of the mutual interference variance between the secondary and the primary
signals. In our work, we aim at precisely describing the interference seen by the victim receiver,
i.e. the primary and secondary receivers.

This paper aims at investigating how individual and global SE are varying when DVB and
LTE bands overlap according to the spectral overlap ratio and signal parameters. The interference
seen by a victim receiver, i.e. LTE or DVB, created by the interfering system, i.e. DVB or LTE
respectively, is precisely described and the power of the interference is derived averaging over
symbols, asynchronism and channel coefficients. The interference variance depends on both
DVB-T2 and LTE characteristics and parameters, both systems being OFDM-based signals.
From the interference power expressions, the individual and global average ergodic capacity are
studied. Furthermore, the transmit power policy has an important impact on SE and hence, two
transmit power scenarios and their impact on the global and individual SE are studied, i.e. uniform
power allocation and interference aware power allocation. To the best of our knowledge, global
SE of DVB and LTE systems under spectral overlap scenarios has not been derived analytically
at signal level. This preliminary theoretical study could be a base for mobile operators and
broadcasters aiming at complementing each other’s network.

The remaining of this paper is organized as follows: Section II describes the system model.
In Section III, the expression of the sampled signal on each sub-carrier is given taking into
account the experienced interference. Then, the variance of interfering signals, i.e. DVB over
LTE and LTE over DVB, are derived by averaging over symbols, asynchronism and channel
coefficients. Section IV presents the expression of SE of the global system containing the DVB
and LTE networks taking into account different power allocation scenarios. Section V deals with

numerical results. Finally, conclusion is drawn in Section VI.

II. SYSTEM MODEL

The proposed model, described in Fig. 1, is composed of two communication systems: DVB

and LTE networks. The DVB network is composed of one DVB transmitter (DT) and one DVB
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Fig. 1. System model: DVB-LTE coexistence

receiver (DR). The LTE system consists in a single cell of one LTE transmitter (LT) and one
LTE receiver (LR)'. Both systems, i.e. DVB and LTE, overlap spectrally as illustrated in Fig.
2.a. In this figure, B and B") are the LTE and DVB bandwidths respectively, Af, is the
spectral overlap between BY) and B") while f. and f’ are their central frequencies such as
Af =|f.— fl]. Moreover, the spectral overlap ratio is defined by:

Afo 1+x  Af
Bmin B 2X Bmin

where Y is defined by x = 2=ix, B, ;.\ = min { B, BP)} and By = max { BX), BP)}. Con-

Blnax ’

o =

o))

sequently, the interference arising between both bands depends on the frequency shift between
them, i.e. the relative separation between the two networks bands.

Both DVB and LTE networks are OFDM-based systems but with different physical character-
istics and different parameters such as different subcarrier spacing and sampling frequency.
Let us define 7%/?), T{/P) N(@/D) the useful part of OFDM symbol and cyclic prefix
(CP) durations and the number of subcarriers of LTE and DVB systems respectively with
TE/D) = TP 4 T, g(L/ D) the total symbol duration of OFDM symbols. Moreover, we consider

_ro _ 1 n”
§=7o = o = 7o > 1, such as £ € Q.

'In real scenarios, multiple LTE cells should be considered but it is out of the scope of the paper and is left as further work.

However, the adopted model can be seen as the case where two different LTE cells do not use the same frequency.

October 7, 2019 DRAFT



1 le Af > ()
| i
[ l Afo :
i3] | 1
s T 1
) | |
g € BD) : > |
< I '
: |
. | pw
:| 1
{ -
| | o
fmin fc f’min fmaxfc! f,max RESHEERIGY
=M
: (b)
10
: q— a7 ——n
: :
ol | ]
g 1 I 1
- | |
| 1]
fl ] Freqtency
¢ fcr
ZA Afy (c)
o
10
s &
3]
ket 11
x
] 11
2 1
e 11
1 1
fc fc, Freq%ency

Fig. 2. Spectral overlap presentation

III. INTERFERENCE MODEL

The received signal in LR and DR depends on the interfering signal coming from the other
network which has different characteristics. Hence, it can be obtained by writing the signal
expressions of each system while taking into account the asynchronism and the different speci-
fications. The asynchronism is simply due to the different time stamps of both systems. In this
work, we do not consider signaling for synchronisation for both systems, but assume that perfect

synchronisation of each system has been realized. This can be done in a traded cooperation phase,
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where both systems synchronise themselves without any interference before transmitting useful

data in overlapping frequency bands.

A. LTE received signal

The OFDM signal waveform generated by LT is given by:

N(@L) 1
J27T t—1IT
sB(t) = > E X 1 (T) 2)
\/T( I€Z k= 15

where X ,EL) [l] is the symbol of the [—th OFDM data block transmitted over the k—th LTE

subcarrier. I1 (¢) is the rectangular pulse shaping function defined by:

1 0<¢t<1
IT(t) = rect(t) = ‘ 3)
0 otherwise

At the output of IFFT, a CP is added. Hence, we can write:

NI 1
1 t— 170 4 1
- 2R o (T “

leZ =

taking into account the multipath channel, the received signal at LR becomes:

N@)—1

L L L
1 Z Z 2m —ry —ri) t— 7(L )@ 4 7

\/TS(L) I€Z k=0 n=1 ! ™

where b\ and 7" are respectively the LT-LR complex Gaussian channel coefficient and delay

of the n—th path of the LTE channel which contains L paths. The frequency response on the
k—th subcarrier is given by H, (L) — b pPe el <L) ™

n=1

. Hence, the received signal on the

p—th subcarrier over the m—th OFDM data block is given by:

P = [ O wob o
R
= X(L)[m]HZEL) [m] (6)

p

where gb](D,Lr)n(t) is the receiver Waveform of the m—th OFDM block and the p—th subcarrier

defined by qﬁ;(;%(t) = \/ﬁe (L) II (t m<:LF><L)>

In order to compute the DVB interference power seen by the LTE receiver, we need to analyze

the DVB signal seen by the victim receiver. Figure 3(a) illustrates the interference caused by
DVB over the LTE signal. The duration of one DVB symbol encompasses several LTE symbols.

Figure 3(b) shows that from LR point of view, the DVB signal is delayed with an unknown and
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asynchronism random variable §(”). Moreover, due to multipath propagation, multiple copies of
a DVB symbol are received with delays 7'7(1D), n € N, as shown in Fig 3(c). By expressing the

DVB signal received at the LTE receiver, the following result can be stated.

(a) s
—
(D) " (D) >
D ol 2! > R
t
b
(b) &
; s
— 7O —f 70
G0 |[e—TY] >ie ik >
(c) ‘

N

s
R T il T s
T T

0| T g [e——T

A

‘€ TED)

A 4

2 4

Symbol duration

B DvBinterfering symbols 1‘ Transmission start time of LTE symbol
B LTE symbols <—> Time duration
—— — ManyLTE symbols

Fig. 3. Interfering DVB symbols over LTE symbol

Theorem III.1 (DVB interference variance over the LTE receiver). The DVB interference vari-

ance over the LTE receiver can be written as:

7"
Ve = (1 ) m) B o M2+ B o (576 )

)
xk’vqnl Tt 7qn/ ’

where 0P) is the unknown random asynchronism delay of DVB signal from LR point of view.
(D

q, ) and Tff)) are respectively the DT-LR complex Gaussian distributed channel coefficient and

delay of the n'—th path of the DVB channel which contains L' paths. Its frequency response
’ - 'QTFLTn/
on the k'—th subcarrier is defined as Q,(f)) = ¢Pe SN ]Eil) q(D)HI]gD) [m]|?] and

n/=14n/
2
E() (D

(D)p,0112 ; .
ol )79(D>[|]p [m]|?] can be written as:

NP1 D) 2
1 , AfOITS /
B o Pl = ¢ 3 fone <W< e ter)) X’ ®
n/ k=0 n'=1
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SO TS RN S NS S {2T;D>
20(P) gD P ( ) e k/ WQA(k;/)Q ") ¢
o oA ("‘T“” + 52— B, 22))
2w A(K)
sin (2mA() (257 + 52 - B60)))
2 A(K)
L, (2rAGk) (252 — B, 42)))
2w A(K)
sin (27rA(k’) (%m _ B(n’,O)))
- 2w A(K) ©)

/

2, AW) = AP 4 by — s and
B(n',0P)) = 'TP) — Té )+ T(,D) + 0P and AfP) is the frequency shift of DVB w.r.t. LTE.

where fo)) = ]E[|q7(f))

The proof is given in Appendix A

B. DVB received signal

In the DVB network, the signal received by DR can be written as:

NP1 I/ D D
) 2750 (=) t—7P) — @ 47"
r() = J——XZZIE:X Aty o

'eZ Kk'=0 n'=1

(10)
where X ,i,D) ['] is the DVB complex symbol of the {'—th OFDM data block over the £'—th DVB
subcarrier. hg/)) is the DT-DR complex Gaussian distributed channel coeff}cient and its frequency
response on the &'—th subcarrier is given by H!") = EL,/ 1 h(D) ]Zﬂﬁw.

The discrete signal is the projection of the received analog one on its waveform basis functions,

i.e. OFDM waveform. Hence, the received signal at DR on the p’—th DVB subcarrier and over

the m'—th OFDM data symbol is given by:

D) — (D) (1) P)
£O ) = /R O ()6, (t)dt (11)
_'271—177,15 ,
where qbz(,,DT)n,(t) is the reception filter defined by ¢;Pr)n,(t) = ﬁe R (t_;?(g)(m).
) ) T s

Applying the same calculation steps as in LTE case and considering that DT and DR are perfectly

synchronized, the received DVB signal can be written as:

v (D) _ (D) (D)
X, [m'] = X, [m/[H " [m] (12)
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Fig. 4. Interfering LTE symbols over DVB symbol

Figure 4(a) shows the interference of several LTE symbols over one DVB symbol. From DR
point of view, the LTE interfering signal is delayed with a random asynchronism, §(%), as shown
in Fig. 4(b). Moreover, due to multipath propagation of LT-DR interference channel, multiple
copies of LTE frames delayed by B are received by DR as shown in Fig. 4(c). The power of

the interference caused by LTE over the DVB receiver is given in the following theorem.

Theorem IIL.2 (LTE interference variance over the DVB receiver). The LTE interference vari-

ance over the DVB receiver can be written as:

= [u(f)[m']\?} (13

p

N L
- T(D T(L T kz: z; ( (Tl +T2) + | & (T™)3sinc? (WO(kJ)T(L)))

where q,gL) is the LT-DR complex Gaussian distributed channel coefficient where Q,(CL) is its

frequency response on the k—th subcarrier defined as Q;L) = 2521 qflL)e j%TéL)ﬂ(LL), T1 and
T2 are defined as:
- lrw sin (27C (k) (meTH — G(n, TM))) = sin (2rC (k) (meTH — G(n,0)))
2 AnC(k)

(14)
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sin (20 C(k) (& (m7® + T) — |70 — G (n,73)))

1
72 = 170
SR 17 C (%)
sin (27r(](k;) (5 (mT<L> v T§L>) — T — G (n, 0)))
a AmC (k) (1)
where C(k) = Af5) + # — #,;), G (n,0®)) = 11" — Tg(L) + P+ 09 and 60 is the

unknown and random asynchronism delay of LTE signal seen by DR.

The proof is given in Appendix B

IV. POWER ALLOCATION AND SPECTRAL EFFICIENCY

In this section, individual and global SE are investigated under two power allocation scenarios:
i) uniform power allocation, ii) interference aware power allocation with interference-cancellation

ability.

A. Uniform power allocation (UPA)

The transmit power is assumed to be equally allocated to each subcarrier in each system

whatever the frequency overlap ratio is. The ergodic data rates of LTE and DVB systems are

given by:
N(L/D)
(L/D) _ (L/D) (L/D)
BIZREYS E[wp/p, log, <1+SINRp/p, )} (16)
p/p'=0
(L) (D)

where w, ’ and w,,”’ are the LTE and DVB subcarriers spacing respectively and the expectation

p/
is taken over the distribution of signal-to-interference plus noise ratio (SINR). SINRs experienced

by LTE and DVB receivers are respectively given by:

(L/D) (L/D)|2
SINR(L/D) _ A lm/bal/I" ’
p/p (D/L) (L/D), (L/D)
)\(D/L) lbm/mb‘/p/p/ + NO wp/p/

7)

where (17), interferences are considered as noise since they are only characterized by their
variances. Expressions resulting from (16) are rather complex to obtain and in order to get
practical insights with our theoretical findings, we focus on upper-bounds of previous expressions.

With Jensen’s inequality, we have:

N(L/D)
L/D L/D ~
DEPY < 37wy Mogy (1,77 ) = DU (18)
p/p'=0
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where 71(;L), I(),D) are the averaged SINR of LTE and DVB over the p—th and p’—th subcarrier

respectively. They are given by:

[ — )
(LID) _ A o H (19)
p/? T \(D/L (D/L) (L/D)_ (L/D)
)\( / )lbm/mbv;)/p/ -+ NO wp/p,

where ﬁ;L) — E[|H"|?] and ﬁl(f)) = E[|HI(,,D)|2]. Moreover, A and A\(”) are respectively the

transmit power per LTE and DVB subcarrier while [,,,, Iy, {5, and [,,;, are the path loss attenuations
of the LT-LR, DT-DR, DT-LR and LT-DR links respectively. Moreover, N\“/") is the noise
spectral density per LTE (DVB) subcarrier. The LTE (DVB) SE is given by S(*/P) = %
where B(%/P) is the total bandwidth of LTE (DVB) system respectively. Hence, the global SE 2

can be written as:
1

ST(Q/) = m

(DP)(a) + DM (a)) (20)
where Br(«a) is the total used bandwidth given by

BT(a) - Bmin (1 - Oé) + Bmax (21)

B. Interference aware power allocation (IAPA)

In the previous section, each system has been allocated with equal power between its sub-
carriers. However, based on the observation that, the more power assigned to good channels, i.e.
without interference, the larger the achievable data rate, we assume the systems have the ability
to allocate power differently on the interfering and non-interfering parts of the total bandwidth as
illustrated in Fig. 2. For the system with the lowest bandwidth, i.e. B, the total transmission
power can be expressed as Pt = (1 — 8) PP + BPRn where P is the total transmission
power over the bandwidth By, 5 € [0,1] is the interference aware power allocation (IAPA)
parameter and 3P is the power allocated to the interfering part and (1—3) P is the dedicated

portion for the interference free part. Therefore, the transmission powers per subcarrier in the

/BPqI?in min __ (1_5)P71Pin :
K}nin and )\ - K Wlth

K®in — g Nmin K = (1 — o) N™® and N™® the total number of subcarriers in Byyy,. It is worth

interfering and non-interfering parts are respectively A\ =

%In this paper, the global SE is defined as the maximum sum rate of both systems provided to a given user normalized by

the total occupied bandwidth.
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noting that the values of K™ and K™ depend on «, which represents the interfering band

ratio. The transmission power per one subcarrier can be re-written as:

. B
Amln — _)\mln 22
o= N (22)
. 1-8 ..
Amln — /\mln 2
1—a’ 9

with At = Pmin /Nmin i the transmission power value per subcarrier in case of uniform
power allocation. On the other hand, for the system with the largest bandwidth, i.e. B.x, the

transmission powers per subcarrier in the interfering and non-interfering parts are respectively

umax 1_ m Pmax .
wpax — Bl g ymax — (B PE iy jomax — g, Nox| Kmax — (1, ) N7 and a, =
I

xco. Moreover, N™#* is the total number of subcarriers in B,a, P75 is the total transmission
power over the bandwidth B,,.,. Similarly, /3, is the fraction of power allocated to the interfering
part of the system with the maximum bandwidth.

Two strategies for the power allocation, i.e. 5 and /3, can be envisaged: i) these two fractions
are correlated to each other and when [ is fixed, the other is immediately obtained with 3,, = x(3
and ii) § and [, are independent of each other. These cases will be thoroughly studied by
simulations in Section V. Hence, the SINR expressions on the overlapped and non-overlapped

LTE and DVB subcarriers are respectively given by:

L/D) +7(L/D)
FALID) A Loy (24)
o Ly (A(,D/L)VI(D/L) i )\(D/L)V(D/L)> N NéL/D)w%p)
—(L/D
O T -
/P
" lom jmb ()\gD/L)VI(D/L) + )\(D/L)V(D/L)> + NéL/D)wI()%/D)

In this work, we have considered that DVB occupies a lower spectral range than LTE.
Consequently, the rightmost subcarriers of DVB and the leftmost subcarriers of LTE are the
more affected by the frequency overlap as seen in Fig. 2.a. This figure illustrates the uniform
power allocation (UPA) scenario where the power spectral density (PSD) of each system is the
same in the interfering and non-interfering parts. On the other hand, Fig. 2.b illustrates a case
of IAPA scenario where the PSD of the non interfering part of both systems are greater than
the one of the interfering part. Figure 2.c shows a full spectral overlap scenario where the DVB
bandwidth is completely overlapped by LTE while this latter keeps a fraction of its bandwidth

interference-free. In that case, only LTE is able to divide its power budget in the interfering
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and non-interfering parts. An interesting question is what is the optimal overlap ratio between
bandwidths, i.e. «, and the power allocation, i.e. 8, which maximizes the global SE?

The received data rates of LTE and DVB networks in this allocation strategy are given by:

KD _q N(L/D)_q
D [(L/D) L/D ,(L/D)
= > wlPog,(1+37 + >0 wliPlog,(1+ 7, )  (26)
p/p'=0 p/p/:K§L/D>

and the global SE w.r.t. a can be hence written as:

1 (D)
Br(a )(D

The next section consists in studying how individual and global SE behave when o and (3

Sr(a) = (0., Bn) + D' (.5, 5,)) 27)

vary.

C. IAPA with interference cancellation

If the receivers have interference-cancellation abilities, the interference effect can be reduced
and hence the overlap ratio could be enhanced while maintaining a high QoS [28], [29]. In
particular, successive interference cancellation (SIC) receiver allows the interference coming from
spectral overlapped signals to be reduced [30]-[35]. Indeed, let’s assume that a system is able
to remove a fraction /I of the interfering signal on each subcarrier at LTE and DVB receivers,
therefore the interference term is multiplied by the term |1 — Ig| and hence the interference
variance is multiplied by |1 — Iz|>. Consequently, we can prove that, in case of IAPA with

interference cancellation, LTE and DVB SINR expressions can be written respectively as:

(L/D) +7(L/D)
p/p
11— Til? Lot ()\ErD/L)VI(D/L) 4 )\(D/L)V(D/L)) n NO(L/D)wI(?%lD)
L/D) (L/D)
/D N Hy (29)
o ‘1 — 13’2 lbm/mb ()\gD/L)‘/ID/L + \D/D)y/( D/L)> + NéL/D)wZ(;Z{lD)

Then, the achievable data rate and SE can be obtained by substituting the SINR expressions in
(28), (29) in (26) and (27) respectively.

V. NUMERICAL RESULTS

Table I gives the parameters used throughout this section. The transmit power per subcarrier
is obtained by dividing the maximum transmission power in each system by its total number of

active subcarriers. Moreover, the LTE and DVB receivers are located respectively at the limits of
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TABLE 1

GIVEN SYSTEM PARAMETERS

Parameters DVB-T2 LTE-3GPP
Bandwidth 7.6 MHz 10 MHz
Subcarrier spacing 1.116 kHz 15 kHz
Number of active subcarriers 6817 601
Symbol period 8965 66.7 us
Guard interval time TP 4 = 224ps | T /4 = 16.675us
Cell radius 100 km 1 km
Max transmission power 10 kW S50W
Transmit power/subcarrier 1.395 W 0.075 W
Noise spectral density -165 dBm/Hz -165 dBm/Hz
Path loss exponent 2.5 3

the LTE and DVB cells while the protection distance d between the LTE transmitter and DVB

receiver is a variable parameter in Figs. 5 and 6. However, d = 1000 m will be used in the other

results throughout this section. Tables II and III present respectively the power delay profiles,

i.e. the normalized average path power and path delays, of the Typical Urban (TUx) LTE 3GPP
channel and the Typical Urban 6 (TU-6) DVB channel that are used respectively for the DT-LR

and LT-DR channel interference models.

TABLE II

POWER DELAY PROFILE OF DVB-T2 TU-6 CHANNEL MODEL

Tap 1 2 3 4 5 6

Average power (dB) | -3 0 -2 -6 -8 | -10

7P s 0]02]05[16]23] 5
TABLE III

POWER DELAY PROFILE OF 3GPP TUX CHANNEL MODEL

Tap | 2 3 4 5 6 7 8 9
Average power (dB) | -5.7 | -7.6 | -10.1 | -10.2 | -10.2 | -11.5 | -13.4 | -16.3 | -16.9
75 (ns) 0 | 217 | 512 | 514 | 517 | 674 | 882 | 1230 | 1287

In Figures 5 and 6, the LTE and DVB data rates w.r.t. « are given respectively when UPA is
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applied. Both D) and DP) decrease when the spectral overlap ratio « increases and moreover,
LTE data rate is largely greater than DVB data rate. Obviously, D) is not affected by the
distance LT-DR at contrary of DVB which is very sensitive to the protection distance between
LT and DR, as expected. As illustrated in Fig. 6, when d increases, the DVB data rate increases
as it becomes less affected by the LTE interference. Figure 7 shows the global SE w.r.t o and
labeled on d when UPA is applied. The total SE increases when d increases due to the increase
of D, When d is less than 1 km, which means that DR is located inside the LTE cell, the
total SE increases when the overlap ratio « increases despite that interference increases. This
phenomena is marked by the red circle in Fig. 7. On the other hand, when d becomes greater
than 1 km which means that DR is located outside the LTE cell, the total SE increases when
« increases to attain a maximal value and then decreases again, which highlights an optimal
overlap ratio depending on the propagation model and system parameters.

1.6%10

DYBits/Sec]
h  w  x o

—
—
T

Fig. 5. LTE data rate in [Bits/sec] w.r.t. « when UPA is applied.

Figures 8, 9 and 10 draw the individual LTE, DVB data rates and global SE respectively w.r.t.
« labeled on I, = |1 — I|* (the interference cancellation ratio) and 3 when IAPA is applied. For
that figures, (3,, = x/3 and hence the power allocated on the interfered LTE bandwidth part is
linked to (. For a given overlap ratio «, the LTE and DVB data rates improve when interference
rejection mechanism is allowed; the lower I,., i.e. a powerful interference canceler, the higher the

improvement. However, the improvement gain is more appreciable on the DVB achievable rates
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D(D)[Bits/Sec]
S

N
T

Fig. 6. DVB data rate in [Bits/sec] w.r.t. a and labeled on d=300, 500, 1000m when UPA is applied
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Fig. 7. Global spectral efficiency w.r.t. a and labeled on d=300, 500, 1000m when UPA is applied.

because this system is more interference sensitive in our case. In addition, the data rates also
improve when 3 decreases, i.e. the portion of power allocated to the interfering part, for some
given [, and «. This illustrates the fact that IAPA and interference cancellation receiver can

play a similar role in the improvement of SE when spectral overlap is authorized but these two
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techniques do not lead to the same technical solution. The former requires a power allocation at
transmitters depending on the spectral overlap ratio, the latter implies more complex receivers
to implement interference cancellation algorithms. Figure 8 shows the existence of an optimal
overlap ratio around 0.1 maximizing the achievable LTE data rate. Figure 9 shows also a slightly
optimal value of «, also around 0.1, but for = 0.5,0.75. In Fig. 10 the total SE roughly
increases with « although both LTE and DVB data rates decreases for large overlap ratio. There
are two main reasons for this behavior, i) when « increases the total used bandwidth decreases
favoring an increase of SE as modeled in (21) and (20) and ii) even in case of full overlap,
i.e. a = 1, the LTE data rate remains larger than the DVB one, due to the smaller LTE cell
compared to the DVB cell size. We also remark when 3 = 0.25 and whatever the values of
I, the total SE is maximal for o ~ 0.9. Hence, IAPA and interference rejection jointly applied
may lead to a substantial gain in the global SE by favoring a large spectral overlap. However,
this spectral overlap may be prejudicial to individual data rates as it can be inferred in Figs. 8
and 9 and then o should be chosen according to the data constraints that are imposed to each

individual network.

>-B=0.25,103
|6-p=0.25,

DV [Bits/Sec]
=

(ol p=05, 1=0.3
p=0.5, I=1
1.1H-%p=0.75, Ir=0.3
5-p=0.75, 1 =1

1 T T | | | | | | | J
0 0t 02 03 04 05 06 07 08 09 1

Fig. 8. LTE data rate w.r.t. a labeled on interference cancellation coefficient and IAPA parameter S and d = 1000 m.

As seen in the previous results, the individual and global data rate may be improved when
IAPA is applied. Figures 11, 12 and 13 give more insights on how the individual and global

data rates are varying according to « and 3, with no interference cancellation ability. These
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Fig. 10. Global spectral efficiency w.r.t. « labeled on interference-cancellation coefficient and IAPA coefficient 5 and d = 1000

m.

figures allow to choose the optimal values of («, 3) leading to the desired QoS in each network
and/or the maximal global SE. As seen in Fig. 11, the DVB data rate increases when o and 3

decreases. This means that, to increase the performance of the DVB network, one should decrease
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the spectral overlap ratio or increase the power allocation to the non-interfering part of the DVB
bandwidth. On the other hand, the LTE data rate can have a maximal value for a combination
of o and [ as observed in Fig. 12. But, in general perspective, it has an increasing behavior
when a or 8 decreases which means that the LTE network performance can be improved by
decreasing the spectral overlap ratio or increasing the power allocation to the non-interfering part
of the LTE bandwidth. Interestingly in Fig. 13, the total SE has a maximal value for a couple
(o, B) =~ (0.9,0.1) implying a huge overlap ratio and almost all the power on the non-interfering
part. The consequence of that strategy is that the system with the lowest bandwidth, i.e. DVB
here, receives a degraded data rate. SE cannot be proved to be a convex or concave function
of o and f3, and hence the analytical study of the spectral overlap ratio might be very complex
because of the really complicated dependency of data rates on « and (3, cf Theorems III.1 and

I1.2.

D(P)[Bits/Sec]

Fig. 11. DVB data rate w.r.t. « and S when IAPA is applied, d = 1000 m.

Figures 14, 15 and 16 show the individual and global data rates when § and [3,, are kept free
from each other and labeled on two values of «, i.e. 0.3 and 0.7. From Figs. 14 and 15, it is
clear that a lower spectral overlap, e.g. a = 0.3, is better for individual data rates, i.e. DVB
and LTE, whatever the power allocation couple (3, 3,,) chosen. But the global SE can benefit
from a higher spectral overlap, i.e. @« = 0.7 depending on (f, 3,,), thanks to a lower occupied

bandwidth and also because of the larger LTE data rate compared to the DVB rate. These results
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Fig. 12. LTE data rate w.r.t. « and 8 when IAPA is applied, d = 1000 m.
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Fig. 13. Global spectral efficiency w.r.t. « and S when IAPA is applied, d = 1000 m.

enlighten the potentiality of spectral overlap between DVB and LTE to increase the global SE

of the global system.
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Fig. 14. DVB data rate w.r.t. 8 and (,, when IAPA is applied, d = 1000 m, for o = 0.3 and o = 0.7.

Fig. 15. LTE data rate w.r.t. 8 and 3,, when IAPA is applied, d = 1000 m, for « = 0.3 and o = 0.7
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In this paper, the impact on spectral efficiency of spectral overlap between LTE and DVB

systems has been investigated. Our main contribution was to derive the variance of the interfering

signal received on a given receiver, i.e. LTE or DVB, based on a continuous-time formulation. The
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Mo=03
Wo=07

S, [Bits/Sec/Hz]

Fig. 16. Global spectral efficiency w.r.t. 5 and (3,, when IAPA is applied, d = 1000 m, for « = 0.3 and o = 0.7.

interference has been expressed w.r.t. LTE and DVB characteristics and random asynchronism
between them. The interference signal has been shown to be asymmetric between LTE and DVB
systems, mainly due to the differences between OFDM signal characteristics. The interference
powers have been derived by successively averaging w.r.t. symbols, channel and asynchronism.
Individual data rates and global SE have then been investigated according to the overlap ratio
when the allocated power is the same on all subcarriers in a first time and when power can
be allocated according to the overlap ratio. Moreover, in order to increase the achievable per-
formance and find an optimal spectral overlap ratio, an advanced interference rejection ability
has been assumed at the receivers. We have shown that uniform power allocation can be useful
for the small values of spectral overlap ratio while the interference aware power allocation with
interference-cancellation ability can be useful for higher values of spectral overlap ratio.

In this work, we have studied the optimal overlap ratio and power allocation between DVB
and LTE through an accurate analytical model and numerical evaluation. However, a closed-
form expression of the optimal power strategy depending of the overlap ratio is still missing
and is very challenging and left as further work. Moreover, the analysis with randomly deployed

cellular BS in the area of the broadcast cell may be an interesting extension of this work.
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APPENDIX A

PROOF OF THEOREM III.1

The transmitted OFDM DVB signal with CP is expressed as

N®D)_1
S _ (D) T( )
(D) , ]2 t l T +
st E g X P H 30

l’GZ k'=

The DVB interfering signal received by LTE before sampling can be expressed as:

. D)_
6]27rAf(D)t NP -1 L o k' __p(D)y

(D) _ (D), 72T (D) (D) J27 (DY <D> (=)
r(t) = —Z Z ZXk” []e q,/ ¢

TP vez k=0 w=1

_ (D) _ y(D) (D) _ p(D)
t— P _pp0) 7P _g
H( Tn + 1 ) 31)

T(D)
LR decomposes the interfering DVB signal according to its own basis. Hence, the interference

received on the p—th subcarrier and during the m—th LTE OFDM data block is given by:

D) = [ (Dwoh o
R

1 NP1 i W (D)
(D) ~ 7r B Tt
= > "X S (e
TPITE v=o vez w1
. / D
(8t e (L= mTON (0= 0T® £ T — g — 7D
R TE) T(D)

(32)

_(D)_ (D) (D) _p(D)

. . _ (L) t—1 l +T, 0

The integration over ¢ depends on the term II ( : ;g) ) I ( = D) ) where
S

t —mT®
11 (%) =1 iff mT® <t<mr® 4+ 17" (33)
. /T T(D) _ (D)
H(t ) T(Df o VTN 21 i T 4P )y g

<t< (U + 1T 477 — TP 4 9P

(34)
Re-expressing the non-null conditions of (33) in terms of DVB characteristics, we have:
m? <t %(mT( )—i—Ts(D))
'T®) 7P TP gD < ¢ < (1 )T 4 7D TP 4 D) (35)
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where 6(P) is uniformly distributed over the entire OFDM symbol duration such that: () ~

U([0, TP)]). According to (35) and using Fig. 3, two cases exist:
(D)

case 1: One symbol interferes: X, ’[I' — 1] with the current LTE symbol m. Vr/, we have:
T(D)
mee— > TP 4 7P 7Dy (D)
1
5 (mT® +TP) < @+ )TP 477 — TP 4 4P (36)

This condition is reached when:

(D)
(@ e 1) 70 L T ) D) <) < (T _ z’) 70 {7 _ D) (37
G A o

case 2: Two symbols interfere: X~ [’ — 1] and X ,ff)) [I']. This case is more complex than the first

one and includes three sub-cases:

1) JA such that Vn' < A, we have:

(D)
m > TP 47 TP + o)
% (mT® + 1P < (' + )T 47 1P 4 gD (38)
2) 9B such that Vn/, A <n' < B:
m$ < TP 47 7D 4 gP)
% (mT® + TP > 7® 4 7P D) 4 gD (39)
3) v/ > B
m$ > (' = 1)TP 4 7P —7P) 1 gD
% (mT® + TP < 7P 4 7P D) 4 D) (40)

In fact, this reformulation includes the first case of one interfering symbol where we have finally

A > L. Rewriting these conditions of the three cases over §”), we obtain:

1) A such that Vn' < A and A < L/, therefore one symbol interferes such as:

(D)
(% - 1) TP 4 TT + TP — 7P < gP) < <% —~ l’) T 4 7P — 7P (41
2) dB such that Vn' € [A, B[ and B < L":
)@ ) P < g0) < () (D) L7 TP — P (42
?— +g — Ty = < g— +T+g — T 42)
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3) Vn/ > Band n/ < L':

(D)
(@ - l’) T L L o) 0 g o <T — '+ 1) TP 4 7P — 7P (43)

§ § I § I
Therefore the interference can be written as
1 N(D) 1 o 9 (D
[P = ——— Y e’ o {Z N (X1 + XV - 1) x
TP 1o n'€Ly

1 D (D)
(mT P+ ]27F<Af(D>+ b (PL)>t
e s T dt +
m (D)
€

(D) l/T(D)_T(D)+T(D)+9(D) ) (D)
D) —I2m—5y D 9 n! m( AfP) o t
E:q( ) T(D [X,i )[l’— 1]/ 6 (D) (L) dt
m (D)

3

1 (D) 4 (D) )
" XIEID) ] /ész(T:;iT(;w(D) ej%(Af(D)JrTfD)TfL))tdt] } “
with L, = {1,.., L’}\{A, .., B — 1}. Hence, the interference variance is obtained by averaging
over X, ¢! then #®). In practice, the maximum channel delay 7ims ~ 5us << Ti.
Consequently, we consider that the probability that #(°) is such that 3 (A and B) leading to the

situation previously described is negligible. Therefore, only two cases of the DVB interference

over the LTE signal can be considered:

case 1: The time interval boundaries are described in (35), (36), (37) Vn'. In such a case, only one
DVB symbol, i.e. X ,@D) [I'] is interfering with the current LTE symbol, hence interference
on the p—th subcarrier of the m—th OFDM symbol is given by:

NP _1

I
Z X 1] Z qff
\/TS s n'=1

1 mT<D)—i-T5(D> . D K P
/§< )6.727" Af( L‘F@—@ tdt

D o —J2r (D)(( )+9<D)>
I(Pm] =

m L)
N(D) 1 i ! D)
ok _g(D) AfOITS k!
- \[ P " g ( ( ) )
mT( ) (A #(D) ) i ar@ Py
O ( L) <D> TégL))eﬂ ( g T 7’) (45)
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Averaging I{”) [m] over the symbols X (") and the channel 4,

defined in (8).

. 1 D
(D)3 , We Obtalnngi,,qg [|]I§ )[mH?},

case 2: The time interval boundaries in (35) are such that Vn':

e For mT(g L<t <T@ 4 Té,D) - Tg(D) + 0P — X,E/D) [’ — 1] interferes.

o For I'T® 4 7P _ 7P L g(0) < < ¢ (mT(D) + TS(D)> — X P[] interferes.

which implies that:

(D)

T
(% - z’) TP — PV L (D) < g < (% - z’) TO _ D) 7(0) 4 4

In this case, two DVB symbols X ('] and X ,EP) [I' — 1] interfere over the p—th subcarrier

of the m—th LTE OFDM data block, and hence the broadcast interference is given by:
Using A(K') and B(n’,0)), we obtain:

0(P) /

( n (D)
Ts jﬂ'A kl mT( ) ]271' D)T’
—— Gy
O 5T S wAR) Z

A\ B(n! T(D)
eI T AR B 6) {—X,§P>[z' — 1] sin (wA(k:’) (m e B(n’,G(D))>)

: sin (WA(]C/) (6 (mT™® + TP — B(n/, 9<D>)>) }

47)

ND)_1 —j2m
1 e )

D
]]g m] =

P
FXOman

We aim at computing the average interference created by DVB system over LTE by averaging
over symbols, channel coefficient and asynchronism*. The DVB interference averaged over the

symbols then over the channel is given by:

ND)_1

@) (D) 2} I v
Exk/,qg/ “Ip "] = 7O kZ:O w2 A(k')?

I
{Z ‘QELID) 251112 (WA(]{:/) (% (mT(D) +T5(D)) _ B(n/,Q(D))>) +

n’/=0
L (D)
Z‘ij?))gsin? <7TA(/<’) (mz —B(n’,G(D))>)} (48)
n’=0

where the mean of the double products give null value because of the independence of the

symbols X;/[l'| and zy/[I' — 1] and the coefficients ¢%) are independent from each other. Taking

3Delays are considered as deterministic values.

*The averaging order is not important, however this one leads to the simplest derivations.

October 7, 2019 DRAFT



28

into account both cases of §(), the previous interference expression should be averaged over
9P) which is assumed to be uniformly distributed over [O,T(D)[ and its probability density
function (pdf) is given by:

_L_ D) ¢ O,T(D)

0 elsewhere

The variation domain of #”) leading to case 2 is such as #° € [ , TED)]. Therefore, the DVB

interference over the LTE signal in case 2 averaged by 6(”) is given by:

2) (D)[. 112 1 17/ @)
E a2 oo 1 [mH]:Ts(D)/f/o ED o |

After trigonometric considerations and tedious calculation, the interference variance for case 2 is

|15 [*] @o® (50)

obtained in (9). For case 1, the interference variance expression depends on 0°) implicitly. The
probability that case 1 occurs is equal to the probability that #(”) belongs to [T§D) /€, TP [

Therefore we obtain (7).

APPENDIX B

PROOF OF THEOREM I1I1.2

Before sampling, the LTE received signal at DR can be expressed as:

jomafty _ N1 L 2 (- (D) — (D))
G - RS SS
T
T(L I€Z k=0 n=1
- t— 7 T 4P gL .
T (51

where Af(5) is the LTE frequency shift w.r.t. DVB. DVB receiver decomposes the interfering
LTE signal according to its own basis. Hence, the interference received on the p’—th subcarrier

and during the m'—th LTE OFDM data block is given by

(L) _ L (D)
1P = /R D)), (1)t

NE -1 L (L

_ 1 i2n Af(D)¢ (L 32” (L) (t—7" o) —jon ( yt
i TP T / J %z: Z nZX ©
0 t —m/TP) 0 t— TZ(L) — T 4+ TéL) — 9@ 52
7 T
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where

t —m/T® m'TP) <t <m/TP + 7P
11 (—) =1 iff B
TS(D) m’fT(L) <t 5( L) 4 T(L))

H(t—T lT(L)—i-T( )

— 9
1 (L L L L)
7E0) =1 iff T )+T,§)—Tg()+9( <t

<1+ 17" + 7B — T+ o)
(53)

with () ~ U([0, T")]). Moreover, the DVB OFDM symbol duration is larger than the LTE
OFDM symbol duration and is not a multiple of it. The numbers of LTE symbols interfering on
DVB symbol is &’ 2 ?(L; L T( D) Therefore, |¢'| LTE symbols interfere entirely over DVB
symbol: X V1], X P [1+1]), XV [1+2]..., X'P[|€'| — 1. Moreover, the (I—1)-th and |¢'|-th LTE
symbols interfere partially respectively at the beginning and the end of DVB symbol. Applying
the same calculation steps than those presented in the case of DVB interfering signal over LTE

signal, the received interference over the p’-th DVB subcarrier and the m’-th data block can be

written as:
N@) 1
f}g/L)[m’] = 1 om0 .
Ts(D)TSfL) k=0
- —jm n (L)
{—XIEL) [l — 1]ej7rc(lc)m£T(L) Z%(LL)E J (C( )G(n,00L)) 42—k 5 )
n=1
sin (wC (k) (mETH — G(n, 81)))
wC (k)
l¢']-1
+ [ TWsin (rC(K)TW) € j2xC (k)T ™) X P14 plei2nCERT®

L

Z q,(LL)eijZTr (C(k)G(nﬂ@))fﬁﬂgL))

n=1

L
- (L) 4 gmT (L) (L) —jﬂ' k)G(n, oL )+2 k T»SLL)
+ XIEL)Hg He] C(k)(Lf JT) +-EmT ) +£T Z g (L) ( (D) )

n=1

sin (€ (k) (& (mT® + 1) — | -G (n,00)))

7C(k)

(54)
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where C(k) = Af) 4 - — T{”—,;) and G (n,00)) = 17" — T 475 1 (). Averaging over

T

the symbols, channel and asynchronism, we obtain (13).

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

(13]
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