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Abstract—The insertion of a secondary transmitter in a the primary message, some kind of interference cancellatio
multicarrier broadcast single frequency network is studied. scheme can be applied, like Dirty Paper Coding (DPC) [2].
The secondary information is overlaid on top of the primary However, the knowledge of the primary signal by the sec-

waveform, which is also reinforced by the secondary transmitter. . . L L
The degradation of the primary service due to the presence ondary transmitter is hard to justify, and, therefore, tedito

of echoes in a strong line of sight environment is taken into @ Small quantity of practical cases [1]. In this paper, syl
account, and mitigated with an appropriate filtering at the to [3], we introduce another practical scenario where the
secondary transmitter. The transmit rate of the secondary sym  knowledge of the primary signal is possible: in broadcastin
is maximized while keeping the original primary coverage area, systems working as a Single Frequency Network (SFN), e.g.,

defined as a function of a BER bound. The analytical results are - . .
verified by means of software simulations and hardware tests, the European Digital Video Broadcasting - Terrestrial (DVB

where the importance of the proposed filtering is clearly shown. T) based service, deployed in many countries worldwide, the
primary signal is sent via satellite (or other kind of distiion
Index Terms—Overlay Cognitive Radio, Single Frequency N€tWOrk) to some major transmitters, which need to apply
Network, Broadcast, OFDM the corresponding delay to keep the synchronization reduir
by the SFN mode. Thus, a potential secondary transmitter
might also gain access to the primary signal, keeping tinte an

frequency synchronization with the primary transmittensl,a

Recently, there has been an increased interest for learnifgrefore, join the primary network. The ultimate goal is to
the potential of those Cognitive Radio (CR) systems whege t§erjay the secondary information on the primary signalolvhi

secondary transmitter has knowledge of the primary messagg, pe decoded by secondary receivers, while preserving and

in what is known as theoverlay paradigm[1]. This prior ,,qiply reinforcing the quality of service of the primargtn

knowledge of the primary transmission can be exploited kyo (see Figure 1) without any modification on the primary

the secondary users to convey their own information Whegeeivers. Thus, the present work is focused on the cognitiv

accessing primary user spectrum in an efficient way, whilgyectrum reuse of the frequency bands used by any broadcast
preserving the primary user's Quality of Service (Q0S). é&n gy stem working as a Single Frequency Network, as they are

the usgfulness of the knowledge of the primary messagegiSecially interesting due to the high amount of bandwidth
twofold: on the one hand, the degradation of the primagya; these services are allocated, the possibility of aigs

user link due to the insertion of a secondary signal can h&, primary message, and also due to the good propagation
compensated by the secondary transmitter by using a fractjq)jitions of these frequency bands.

of its available power to transmit the primary message, R8P Ajthough the case of secondary transmitters with knowledge

the SNR at the primary receivers above a given thresholgt ihe primary signal has been addressed from an information
on the other hand, since the secondary transmitter knows qretic point of view, see e.g., [4], [5], [6] among others
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of the primary signal can reinforce the original QoS, as a
first step towards a cognitive secondary transmitter which
Primary signal delivery

additionally includes a secondary information signal wehil
preserving the primary user coverage area.

The remaining of the paper is organized as follows: in
Section Il we will introduce the notation and the analytical

expressions to be used afterwards. In the next sections, the
problem is treated in an incremental way, using the afore-
mentioned analytical expressions as quality metrics fer th
primary system: in Section Ill, a pure cooperative secondar
user that tries to maximize a primary receiver QoS is stydied
and practical transmission strategies are derived; in@eby
the case of a secondary user maximizing its own transmission
//Tll — rate _in presence of a single sec_ondary _receiver is p_re_sented
-l plimmmnd Aol frr::::lm Sectlon_V complgt(_es the study, introducing the_restrlcmbn
preserving the original coverage zone of the primary user. |
Section VI the analytical expressions are verified by medns o
HSemndary

Secondary
transmitter

software simulations and hardware measurements. Finladly,
receiver conclusions are presented in Section VII.

Il. PROBLEM STATEMENT

Fig. 1. The secondary transmitter conveys the primary sigolack rays), Throughout the paper we will assume that the links from
which is delivered via a distribution network (gray rays)her secondary

transmitter overlays the secondary message (white ray) oofttge primary bOth. primary and secondary tra.-r_‘smittefs to a gi\_/en primary
one. receiver can be modeléds Additive White Gaussian Noise

(AWGN) channels, so the equivalent baseband received signal

. . . i .. after the Cyclic Prefix (CP) removal can be written as
a secondary information signal, the simple transmission of

the primary signal from a secondary transmitter will not ¥n = (6n +7e 9% farny) ® 20 + pe s _ng +wn (1)
necessarily improve the primary service quality, sinceoesh

can degrade performance as it is well-known in current Slivrl:<£|
deployments [8], unless proper countermeasures can be. taE?

ere the equivalent channel was normalized to set the chan-
from the primary transmitter té,,, while v, 8 and ng

. . : i . h lati li h I f th i
This effect is especially noticeable in those systems wi e the relative amplitude, phase and delay of the primary

dominant Li f Siaht (LoS " d al gnal contribution sent from the secondary transmitter,
a 9"T"”a'f‘ .|ne 0 '9 ( 0. ) component, an. amo%tenotes the circular convolution operatey, denotes the:-th
negligible in high scattering environments. In practicases,

the degradation coming from the secondary echo could %%mple of the primary signal (normalized to have unit poyer)

X . o denotes the relative amplitude of the secondary signal
higher than the power gain due to the extra cc_)ntrlbutlon eftsn ~ CN(0,1), assumed to be white Gaussiasent from
secondary transmitter. This type of problems is expectd]ietoT[ e secondary transmitter, and, ~ CA’ (0 02) is a sample
ngltlga#e(:] N tlh?j future with “‘;V_V stanr(]jards SUCT] as zVB cg_white Gaussian noise. As an additional degree of freedom,
[9, w Ich Inciude some precoding schemes such as amoH_}é secondary transmitter is allowed to (circularly) filtee
space-time coding or constellation rotation. On the otld,s rimary signal with a transmit filtef,. The convenience of
some specific channels, such as Rayleigh fading chann "

, . : TS filtering will be illustrated in the remaining of the pap
peneﬂt fro_m the d|v_er5|ty created_by SFN deployme_nts, 5 the Discrete Fourier Transform (DFT) domain, the presiou
illustrated in [8]. In this paper, we will model both the piany

._relation reads for a given carriéras
and secondary channels as a pure LoS component, which is 9

indeed the case for which a higher degradation is expected, vy, = (1 +7€*j(2ﬂkno/N+0)Fk) Xi + 2)
according to [8]. ke (N0
Interference cancellation techniquesin many cases prac- +pe I ETRINED G L Wy k=1, .., N

tical interference mitigation techniques at the transmnitix- where X, Sy, F, and W), denote theN-DFT of z,., sy, fn
ploiting side information cannot be directly applied, agyth and,,, respectively, withV the number of carriers. Figure 2
require knowledge of the channel state. In [10] it was showymmarizes the system model.

that the uncertainty in the channel phase suffices to dexreas

the achievable capacity of the secondary link dramatichily ~ The simple AWGN channel can be a good approximation, speciefly f

terference cancellation can be also performed at the SaCanC{jhose receivers with rooftop antennas (very common in teiaeselevision
roadcasting), which allow the existence of a strong LOS$agation path.

receiver, prov_lded the interfering power is strong enouit,[ 2This can be a good approximation, for example, in the case ofansary

as proposed in [12]. transmitter using an OFDM waveform, where the time-domain signa

Given the widespread current use of DVB-T, we will focugenerated by combining a relatively large number of independandom

. . . . variables (the symbols on the different carriers). The gaoiy is mantained

O_n this multicarrier teChnOIOQy_ as support for the p_”marlyl the DFT domain provided both primary and secondary wavefarasnot
signal, and show howan appropriate secondary transmissiondentical (for example, by using different FFT sizes or CRytés).



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS 3

PT W, where v, = ~F} is assumed to be real, without loss of
| PR generality, andr=_,1_; denotes the Signal to Noise Ratio of
> > the system in absence of the secondary transmitter coryeyin

the primary message, which is constant along all the carrier
due to the AWGN assumption. Moreover, we have defined
B = T/2 for the sake of simplicity.

In the following, we will assume that the value of the
€998, relative amplitudey is deterministic, as it can be obtained
by means of a propagation model or by measurements, and
model § as a uniform Random Variable (R\V) ~ U (0, 27]
as it is not possible to determine the exact phase difference
between echoeg. Note that the metrig) as defined in (3) is
a RV, so a deterministic figure of merit for a primary receiver
is obtained after substituting (4) in (3) and averagionger 6:

., of the Primary Transmitter (PT). The ST filters the primary sligvi¢h the
filter v f,,, and scales the secondary messagewith p. The signal received
by the Primary Receiver (PR) is described by equations (1)(2nhd

N
) . . 1 5
Fig. 2. System model: the Secondary Transmitter (ST) knowsrtbssage n (,7’ p) _ 2 :Ea {€7B(1+’Yk+2’7k Cos(9+27rkn0/N))}
k=1

e o gy 1 o 2Bykcos(9) g
- —Bv, — 1 COS 5
N kZ::le 277/0 N ®)

For the sake of simplicity, we will assume perfect channel Al ,
estimatiod and frequency synchronization in the analytical = 726_67’“10(25%)
derivations, and an overall channel length shorter than the k=1
CP. Moreover, we will consider a Quadrature Phase Shiflhere I,(-) is the zero-th order modified Bessel function of
Keying (QPSK) constellation in the primary system, as th#e first kind, Ex{-} denotes the expectation operator over
derived analytical bounds are easier to deal with. Howevelie RV X, and~y = [y, ..,7n]?. As the obtained expression
these results will be extended to higher order constefiatiodoes not depend on the time differengg there is no need to
and practical synchronization schemes by means of hardwaigke any assumption about this value. This CB-based metric
measurements. n will be recurrent throughout the paper, and will appear as th
Unlike previous approaches to similar problems that useogtimization objective in Section IIl, and as a design craist
capacity-based quality metric for the primary system [2], [ in Sections IV and V.
we propose to analyze the performance of the primary systenin order to obtain a relationship between the CB and the
by means of the Chernoff Bound (CB) for the uncoded Bdefinition of the coverage zone, which is determined by the
Error Rate (BER) or, equivalently, by the Exponential Effez coded BER, we introduce the following analytical bound for
Signal to noise ratio Metric (EESM) [13], one of the potehtiethe BER after Viterbi for DVB-T, taken from [17]:

metrics to be used in next generation Orthogonal Frequency | =
Division Multiplexing (OFDM) systems with Adaptive Coding BER < - Z can (7, p)d (6)
and Modulation (ACM) [14], and one of the Physical Layer 4 d=dmin

abstraction methods proposed in IEEE 802.16 [15]. The &iih 4,,,, the minimum Hamming distance of the convolu-
pression for the effective Signal to Noise Ratio (SNR) using,na| code, and., the total input weight due to an error event

the EESM metric i§ Y.y = —2log (1), where at distancel from the all-zero path.
1 1
n=— Z e~ TIHL?/2 — = Z e~ BIHK? A3) [Il. OPTIMUM POWER ALLOCATION FOR A PURELY
N N
=1 P COOPERATIVE SECONDARY USER

In this section, we will obtain the optimum carrier power

is the expression for the CB. From (2) we have tigt = I . h h . f
1 4 ye—#@kno/N+6) [y is the equivalent channel seen by th&llocation (with respect to the metrigcin (5)) for a secondary

k-th carrier at a given receiver, so transmitter that cooperates by minimizing the BER of a
’ single primary receiver as a first approach, without insgrti
|Hi|? = 1472 + 2, cos (0 + 2mkng/N) (4) a secondary messdgd-or a primary receiver location where

5If we assume a static channel model, the vafuill not change for
different OFDM blocks in given receiver, but only change amatifferent
receivers. Thus, in order to make the quality metric procegsdit in every
can be accurately estimated at the primary receivers receiver, a different random phase component could be appiieevery

4Th | . ¢ h EESM‘ ST _ OFDM block at the secondary transmitter (similarly to [16]p, the long-

€ genera expregsmn or the ISLesy — term average) seen by a single receiver is the expected valug,aven for

—MAlog (% Z,@’:l e~ YIHRI"/XN) being A\ a degree of freedom that a static channel scenario.
depends on the particular modulation and coding scheme [d3hi$ paper 8This case is of special interest, as it provides the soltticiie optimum
we will set A\ = 2, as it is the value for the CB of the BER of a QPSK,power weightingy given a total power/? allocated to the primary waveform
although results can be easily extended to other values of at the secondary transmitter.

3We are assuming that the primary waveform carries some pilot skamb
(which are also transmitted by the secondary transmitter) eddopm the
channel estimation, so theguivalent channe(1 + ~ye—7(27kno/N+6) )
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the ratio between the powers coming from the secondary &

primary transmitters isy?, the minimization of the CB (5)

reads as a3
N

N

S . 1

minimize Zeiﬁ’YzIO(2ﬂ7k) subject to NZVI%SV?
k=1

k=1
7
This is a non-convex problem ové¥ variables, which makes
numerical methods difficult to apply. However, as shown i
Appendix A, those points of the form = [0y _4) K1ng],
(wherel, and0, denote the all-ones row vector plelements
and the all-zeros row vector @f elements, respectively) with
K such that the power constraint is met with equality, and wi
a fraction of active carrierg such thatN¢ is an integer, are " | * *~" "™ o
critical points of the Lagrangian of the proposed optima@at .= ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

Upper bound for the BER after Viterbi
=
5

H
S,

T ="To+0.75dB, ¢ =*/4

+ T=To+0.75dB. ¢ =1

) . L. . 0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2
problem. For this type of solutions, the optimization peohl 7
(7) can be recast as
S _ —By2/ 26y Fig. 3. Analytical bound for the BER for QPSK, convolutiomate 2/3, with
minimize (1 — @) + ¢e Io ( Vo (8) different secondary transmission approaches: no filtering: (1), filtered with
subjectto 0< ¢ <1. ¢ = ~2%/4 and with ¢ = ¢op: as found byf ni nbnd. Yo denotes the SNR

] ] ] ) that the bound predicts for the QEF threshold for the systadeuanalysis,
As shown in Appendix B, the asymptotic solution of (8) fomhich is Yo ~ 5.6dB.

large SNR values i® = 1—2, which forces to allocate? = 4 to
the corresponding fraction of carriers. Following (4), mst

case we have thdtH,| > 1, so no carrier suffers from an - .
. . . 7], where the use of Opportunistic Interference Candeltat

SNR loss with respect to the scenario without a second IC) was shown to dramatically increase the secondary user

transmitter. Note that the optimum solution is only depernde y y

: . . . rate. In our case, we will assume that interference cartimeila
on the fraction of active carriers, and not on their specific )
can be always performed, as the secondary user is expected

locations, due to the symmetry of the problem. In any caste, . .
the unidimensional problem (8) is computationally tratgab O be in the primary user coverage area. Therefore, our
channel model will be an interference Z channel [1], wheee th

as opposed to (7). ; ) ; .
We have evaluated the analytical bound for the BER ﬁ]econdary message is treated as noise by the primary reseive

(6) for those solutions found in (8): Figure 3 shows th%nd the primary interference can be completely cancelled ou

the proposed method always decreases the BER bound, e rﬁhe secondary receivers.

when the unfiltered approach leads to a huge degradation n the design of practical multicarrier receivers it is seme

thus showing the importance of the proposed filtering, whictﬁrnes assumed that the noise power is constant for all the

intends to reduce the degradation due to the presence of SEers: If this is th_e case, the fact of transmitting W"W‘
echoes. Interestingly, the solution — 7 s quite a good power in a few carriers will be a source of narrowband inter-
. s =X

S ) ) . ference, which is very harmful to OFDM transmission [18]. In
app_roxmatlon _to the optlmu_m value of the fraction of aCtIVgonsequence we will restrict the design of secondary Egna
carriers, especially for the higher SNR case. to those with constant power along the carriers, although th
proposed methodology can be extended to the general case.

Let us denote by’ the secondary received power (normal-
ized by the primary one) at a given location, that has to be
In this section, we will focus on the strategy the secondagb“t between the primar(i ZkN 2= 72) and secondary

. . . y . N =

transmitter must follow in order to maximize its own capgcit 2) signals. Note that the flat spectrum constraint for the

subject to a controlled degradation of the primary service condary message tums the maximization of the capacit
a given receiver. We will assume that the secondary users S Y ge rns | pacily
. ) . . equivalent to the maximization of the power allocated to the
able to use some kind of interference mitigation techniques ! : .
. S . secondary message, so introducing a power constraint and
so the capacity of the secondary link is equivalent to that in ’ :
. ; . a constraint on the primary user GBn (5), we can formulate
absence of the primary transmitter. As we explained prey]- L
e optimization problem as

ously, the use of DPC techniques [2] would require channe
knowledge at the transmitter [10] and, therefore, a feeklbac ~ minimize —p

likely to be performed. A similar idea was developed in [12],

IV. OPTIMUM POWER DISTRIBUTION FOR A SINGLE
PRIMARY RECEIVER

channel to convey that information, whereas the use of Suc- 1 M 29k
. . . . i w 2
cessive Interference Cancellation (SIC) at the receigensdre subject to N Z e vt b+ 202 < Mo ©)
k=1
"Here, we are assuming that the number of carriers is large &ntmg 1 N 5
approximate the fraction of active carriers by any real nunitbehe interval p2 + = Z Ve < P
[0, 1]. If the resulting optimum value af is such thatV¢ is not an integer, N =1

the loss of performance takingV¢| as the number of active carriers will be ) ) )
negligible. wheren; is the constraint on the CB, andy = 202, leading
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0 = grtry = v B. P50

In Section Il it was shown that,. for a given allocated o small values ofP the solution will be strongly de-
average power of a purelyl cocj)\peraQtwe secondary user 10 & gent on the SNR in absence of the secondary transmitter
primary user me':ssaggz:ﬁ k=1 7k the optimum power | et ys defineT, as the value of SNR such that
distribution consisted on concentrating the power in ativac ho BER constraint is met with equality in absence of the

¢ of carriers, Ieavmg _the remaining fractioh — ¢ set to secondary transmitter, i.e;,—% = no. Equivalently, we define
zero. Again, for a sufficiently large number of carriers, va@ c Yo = 2 1

) . . . = = . We will restrict our analysis to those
approximate the fractiomw by a real number in the interval To log (n y
[0,1], so problem (9) can be rephrased as

receivers in the o(ﬁginal coverage region, i€ys > 1.
1) Tns > To: In this case, as) < ¢, we have that

minimize —p e~ v¥2P <, for sufficiently small values of. Therefore, the
subject to e*m % secondary transmitter can allocate all the available pdwer
=y the secondary message without violating the BER constraint
X | (1 —¢) + e w22 I (\/g(ﬁm)) <o i.e, its optimum allocated power to the secondary message is
P22 <P p?=P. Thi_s could be the case of a primary receiver operating
0<¢p<1 at a very high SNR, or a low-power secondary user.

(10) 2) Tns = To: In this case, as the BER constraint is
With this simplification we have reduced the number dhet with equality, we have that™ 7o+ > 7, so the CB
variables fromN + 1 (the N variables~;, to perform the constraintis not fulfilled if all the powep is allocated to the
power weighting, ang) to three. Furthermore, we can reducéecondary message. Following expression (11) and from the
the number of variables to two by approximatiggby its definition of ¢y, we havef (0,0) = 0. For p ~ 0, v ~ 0 and
asymptotic optimum (and heuristic) valye) = 2 ) for the @S V5,,f(0,0) = 0, we can approximate the CB constraint

sake of analytical tractability. With this last simplifica, the (11) by its second order Taylor polynomial:

CB constraint in (10) can be rewritten as 1
1 Frp) = 5y AIV3,£(0,0) [y oI (15)
[y, p)=e v+ x , ,
e e 4 <0 (11) whereV.,, ,f (70, po0) denotes the gradient of the functigh
x (( - T) Tore 0 <(¢+2p2)>) — Mo = evaluated in(yo, po), and V2, f (0, po) denotes the Hessian
or, equivalently, matrix eva_luated i_n the_same point._ In t_his case, the Hessian
) evaluated in(0, 0) is a diagonal matrix with entries
L — e #20* 2
2
LA e (12) S 002 Le-sro (1 (LY _ parvo 16
= () Fr0n =3 (0(G) ) e
. . . . 0% f de—1/%o
The solution to this problem presents a different behavior -5 (0,0) = E (17)
depending on the values of the SNR in absence of the dp Vo
secondary transmitteff' ys=2/, and the received powerThe maximum value ofy will be obtained when both the
from the secondary transmitté?, as detailed next. CB constraint and the power constraint are met with equality
Therefore, the solution is obtained by equating (15) to 2@
A. Moderate values oP substitutingy? = P — p?, so the following equality arises:
. .
For non-extreme values dP, if 4> < 4, the approximate gif (0,0) W2 (64/% A (ﬁ))

optimum value ofy is the one that maximizgswhile meeting *— = 577 ’ 577 .
constraint (12) and, therefore, is the value obtained froh 5% (0,0) — 5% (0,0)  ¢4/vo ()2 + 8) — 421, (7’2102
(12) with equality, so the BER restriction is active and the (18)
remaining power is used to transmit the secondary infolomati
By substitutingy? = P — p? in (12) we can obtain the value

of p as the root of the following equation: C. P—oo
L For high values ofP, the high power coming from the sec-
2 1 —noev+2e2 ondary transmitter makes the primary contribution neplai
pP=P—4 - (13) : : : ) =9
1—e o727 I, ( 2) In this case it can be easily seen that the optimum filtering of
v2e the primary signal leads t¢ = 1, so we can write the CB
If 42 = P — p? > 4, then the obtained solution is not valid,constraint as )
. . il
as¢ > 1. In such a case the solution would be obtained by n(vy,p) = e 2% <y, (19)
forcing ¢ = 1 andp?+~2 = P in problem (10), so the desired . . .
value of p2 would be the root of so the optimum value 0p? will be obtained when (19) and
the power constraint are met with equality, so we arrive to
SR (VP 0 (14) 2 1 1
> Y+2p -~ | - =0.
‘ "\ Tyt 'm0 r_ _ . (20)
P 1-2log(n) 1+ 7o
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TABLE |
VALUES FOR THE DESIGN PARAMETERSﬁ, 72 AND p2 FOR THE N
DIFFERENT CASES UNDER STUDY 0 Twsun = Toas, 6 =A2/4
3 ] Ynsap = Yoan, ¢ = dopt
l Case “ (b [ 7 [ L l 051 % Ynsap = Yoap, ¢ =1
P Moderatey?2 < 4 [[ 42/4 [ P — p? | Root of (13) O Trsus = Tous + 1545, 6 =24
2 P
P Moderatey2 > 4 1 P — p? | Root of (14) Tasas = Toaz + 1545, ¢ = dop
e NQ/A 0 2 L 0.4 % Ynsap = Yoap +1.5dB, ¢ =1
P—0,Yns=1o || ¥2/4] P—p (18) |
P — oo 1 P P Ywnsap = Yoap +3dB, ¢ =~2/4
o =Yg YTwnsap = Yodp +3dB, ¢ = popt
oy 031 Ynsap = Yoap +3dB, ¢ =1

Low power regime

Note that this is the case when both noise and primary u
power are negligible, so the constraint for the secondaey u:
is to keep the ratio between primary and secondary messa
over the limit SNR value,’;—i ="7y. 0.1 | Log

The analytical power allocation results are summarized '
Table | for the different cases.

0.2
or
0

e,

I I I
25 3 35 4

0.5 1 15

D. Results

We will show the values of the secondary message powmg. 4. Power (seen at reception) allocated to the secorsignal at the
p? for receivers with different margins with respect to th&econdary transmitter as a function of the received secprpiawer with
. . . respect to the primary one..
necessary SNR for Quasi Error Free (QEF) reception, oldaine
with the analytical approximatiow = ~2/4. These results

will be compared with those obtained with the optimum value , For moderate values @, an increment on the value of

¢ = ¢opt In order to check the accuracy of the approximation,  p js not reflected in the value qf, as allocating some
and with those forcing = 1, thus showing the importance of power to the primary message would increase the BER
the unequal power weighting. These two latter approxinmatio  pound.

are obtained byVATLAB f ni ncon applied to the problem , For high values of?, the value ofp increases withP. In

(10), with ¢ a degree of2free.dom and = 1, respectively. this region, the value o is obtained as the root of (14),
The approxm_watl(_)ngb = ~2/4 is obtained following the P and approximates the optimum solution Asncreases.
moderateentries in Table . It is also noticeable that the solution with=~2/4 offers

In the simulations the selected convolutional code raté3s 2very little degradation with respect to the optimum value
again, for which the bound (6) predicts a valu€fof ~ 5.6dB ot  for small values of P, while the solution for¢ = 1
for a B_ER °f2jlp_4’ being o z0'16'_ ) offers a good performance for larger values. Therefore, a
In Figure 4 it is shown the evolution of with the total near optimum solution could be obtained just by solving the
available power for moderate values Bfand three different ¢ =1 and¢ = ~2/4 problems, and choosing the one whose
SNR values, withT s ap = 10log;, (Yns). Obviously, 8 performance is better, which is substantially less contjmita
all the three cases have the same CB restriction, the Qqf, expensive than solving the more general problem. The
with the higherYys will require a lightersupportfrom the  jeqradation due to the presence of echoes is transcendent fo
secondary transmitter and, therefogé, will be higher. Itis 5 large range of values d?, specially the lower ones. In this
also noticeable that the evolution pf (in both the¢ = ~2/4 region, the importance of the proposed filtering is clearit as
and¢.,, cases) has two differentiated regimes: ke power gjos the secondary transmitter to achieve a non-zero rate
regime, where all the secondary power can be allocated tq, Figure 5 the accuracy of th® — oo and P — 0
the secondary message .without breaking the BER CO”Straé%ressions fop? /P is shown. For moderate values &F,
and, therefore, in this regigs? = P; and themoderate power i i aiso shown that if the target receivers habg s > Yo,
regime. Note also that the case®is = T, does only admit e the fraction of available power used for the secondary
themoderate poweregime, as the BER constraint is met withyansmission can be quite high for low values @fand then
equality even in absence of the secondary transmitter. Tip@as 1o decrease. In fact, in the low power regime, all the
solution for¢ = 1 has a slightly different behavior: available power can be allocated to the secondary message
« For the cases where all the power can be allocated to fighout breaking the BER constraint, as previously stated.
secondary message without breaking the BER constraigan be also seen that the family of curvesTags > Y tend
the solution is the same as in the other approximations.ttf approach thél s = T curve asY y5 approachesly.
this region does not exist (fof x5 = 1) the optimum
value ofp is zero for a large range of values 6% V. COVERAGE ANALYSIS

In this section we will extend the previously obtained résul
8An additional check has to be performed: If the obtained vaheets h f havi | .p y. in diff
p? > P, then all the available power can be allocated to the sea:yndato t e_case o a\_/mg s_evera primary receivers in different
message? = P, and the CB constraint will be met with strict inequality. reception states (i.e., different values 6f and Yyg), as
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T T T T
F’H\Low jower regime J
0.95 L i &
T n T T T T

0.25

0.2r-

—Tys, 0,48

O Ywsas = Yous +3dB, ¢ =72/4
0.05 Tnsap = Yoap +3dB, ¢ = dop
o0 % Ynsas =Yous +3dB, 6 =1 . . ) ] o
poeesce SoeEE S e — = =P 0. Tysas = Yous Fig. 6. Coverage diagram. Due to the assumption on the peifectitity of
x . . . .
Poso the antennas, receiver (1) is affected by the secondargrtritter, but receivers

: : : = (2) and (3) are not.

"
10° 10" 10° 10 10 10

. . . the effects of having several receivers under very differen

Fig. 5. Fraction of power used for the transmission of the sdany message . L . . . -

as a function of the total received power from the secondanysmitter with F€C€ption Ch_araCte”S“CSa we will StU.dV first a §|mpl|f!e¢b{

respect to the primary one. user scenario, where one of the primary receivers is located
near the secondary transmitter, and the other one far from it
As we will see afterwards, this two-user scenario is quite a

expected in a realistic broadcast scenario. As we will s&& negood approximation to the solution to the complete coverage

obtaining a solution is more involved than just considering scenario, which has to be obtained numerically.

worst caseprimary receiver.

Let us define thetransmit masky = [1, ..., yv], and A, Two different receivers
the secondary ratiop as the transmit parameters such that In the proposed scenario we are likely to find two re-

15012 o 52 i _ P\
vIFIE + 77 < }’ Sﬁ we can writey(x) = /P(x)¥ anr(]j ceivers that are in extremely different reception situzio
p(x) = /P(x)p, where P(x), 7(x) and p(x) denote the . instance, if the secondary transmitter is located famfr
same quantities as in previous sections with the insertfon @, coverage edge and its transmit power is much smaller
a parameter that indicatgs the positioriin polar coordinates than that of the primary transmitter, those receivers in the
x = (r,0), for convenience) Of a recewer located =t limit of the coverage zone will have an active CB constraint
Similarly, we introduce the modified metric (n(x,0,0) = 7o), and a value ofP(x) — 0, whereas the
XN 122 () 24 () receivers near the secondary transmitter will have a vafue o
n(x,q,p) = N Z e Pe+207() ] (%22> (21) P(x) — oco. We will study this case as a simplification of the
k=1 Y (x) + 2p(x) general case covering receivers under many different saltie

that extends (5) by adding the location parametewith this P .L ¢ denot th ii f th . that i
extension,n(x,0,0) denotes the same metric in the absence et us denote as,, the position of the recever that 1s
of a secondary transmitter. near the secondary transmitteP(t,) — oo), and asxy

We will constrain the secondary user to keep (at least) tmee po_smon of the receiver that is fa_r frqm the secondary
té;ansmnter P(xs) — 0). Even for this simple case, the

original coverage area of the primary system so the licens timum fraction of active carriers for the nearby receiger
service is not compromised. For the sake of simplicity, we™" 1 and for the far-off TR 4¥V 0. F
will only consider those points within the coverage zond thg ~— and for the far-ofl receiver i = Y (Xf)./ ~ 0. aor
are aligned with the primary and secondary transmitterd, a e sake of analy_tlcal tractablhty_, we will restrict pure_aysls_
have the two transmitters at the same side. This is equival tvv_o-IeveI SO|UtI0nS~ for tr~1e primary power W?'ght"?g'-’-e
aglutmns of the formy = [J11ng F2ln(1—g)], With neither

to assuming receivers with perfectly aimed antennas w - : . 7
a gain of —oc dB for all angular directions (exceptop ~1 hor A2 necessarily zero. In Appendix C it is shown that a
érearction of power

Thus, the points that are affected by the secondary u

and, therefore, the points we must take into account in the W2 (64/% ~ 1, (wi))

coverage constraint can be written in polar coordinates &= 0

Co = {(r,0)|r € [rs,m0], @ = 6o}, wherery is the radius e/vo (To (1ho — 2)% + 2 +8) — (Yo + 1) 92l (&2
of the coverage zone, assumed to be a circle centered on (22)

the primary transmitter, an¢rs, ;) denotes the secondarycan be allocated to the secondary signal in this scenario,
transmitter location. This scenario is depicted in Figure 6 with 75 = Yop, 72 — oo and ¢ — 0. As we will see

Unfortunately, the problem of maximizing the secondari the following section, this simplified scenario is a good
rate subject to a constraint on the primary coverage aragproximation to the general one, where all the receivers in
is analytically intractable. However, and in order to showthe coverage zone are taken into account.
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TABLE I

B' Numerical approaCh and reSU|tS PARAMETERS OF THE PROPOSED SCENARLO
The extension of the previous analysis to the complgtéarameter _ Value
coverage zone implies the insertion of an infinite number pfi€ight of primary transmitter 324m
CB constraints (one for each of the infinite points in th EIRP of primary transmitter 70dBm
p ‘I~ Position of primary transmitter r=0Km, 0 =0

coverage zone), so the problem can be seen to be a Sempieight of secondary transmitter 40m

Infinite Program (SIP), i.e., an optimization problem with EIRP of secondary transmitter 36dBm
a finite number of design variables, but an infinite numbe2Sition of secondary transmitter | » = r, (Variable),0 = 0
. . . . [ Height of receivers 30m
of constraints. This problem is intractable due to the highthermal Noise Power -105dBm
dimensionality of the problerh. Propagation model Modified Okumura-Hata, Urban Mode]|

We can reduce this dimensionality by grouping thée Discretization step for the SIP solver 200m
amplitude valuesy,, ..., 45 in M groupsg, ..., Gu, such
that the power allocation will be constant in each groups thi
is, ¥; = W V795, W € G;. Similarly to (9), we can rewrite the a worst case but as previously seen, the solution is more
problem as involved), and the two user scenario previously describged b
the numerical evaluation of (22).

minimize —p
subject to 7i(x,3, 5, $) < 10V x € Co,
M

0.25
2 ~2
Py A<t
= (23) "
M
qul _ 1 0.2 0.04
=1 0.03000000000
>0
¢Z - 0.15+ 0.02
where ¢; is the fraction of carriers in thei-th group R R R
_ o T EE8-8-e-eE-l
b = l%l < 1, |X| denotes the cardinality of set, h oo s=e=
d) = [¢1; ceey (bJW} and o 0 M =1
17 175 18 185 o "”72
M 14742 (%) ) e
o _ MG Vi (%) =3
= e ve+202060) Jo [ ———————— ] . M=
7’](X,’}’, P, ¢) Z(ble 0 (I/J(X) + 2[72()()) 0051 0© _._if:ri
= (24) ©000000000000° o Suderivr
In this problem, the number of variables38/: the secondary \hbdbadddaadd T recehver

ratio p, the amplitudes for the different groupgs, ...,y B 1 1 2 2 22 & 2
and the corresponding fractions of carriexs ..., ¢p;_1. The
remaining fraction can be computed@g 1 = 1—21{;1 &;.
We will also assume that there is a large enough numberf
carriers in every group, so < ¢; < 1, with ¢; € R.

MATLAB function f semi nf was used to obtain the so- |; can pe seen that the lower valuesrofsuffer from quite

lution of the optimization problem. This algorithm, of the; |59 degradation with respect to the single user casée whi
discretization type [19], is based on a quasi-Newton Setiplen¢,, higher values this difference does not exist. The cause

Quadratic Programming (SQP) algorithm applied to a finitg: ;s gifference resides in the variability @ among the
number of restrictions, as a result of the discretizationhef itrarent receivers: while for low-. values those receivers
semi infinite constraint. This optimization method willuet o+ the secondary transmitter hale— oo and those near
a local minimum, but as the problem is not convex we canngfg coverage limit have® — 0, in the highr, case all
. . . l S
guarantee global optimality. In order to overcome this 0D e receivers that are affected by the secondary transmitte
the optimization algorithm was run 2,000 times for each pal yerience relatively high values @f. Not surprisingly, the
of problem complexity and secondary positioh/, ;) With  qegradation in the low-, zone is much more reduced if
different initial random points, selecting afterwards 8®u- \ye compare the actual result with the simplified two-user
tion that provided the lowest value on the objective funttio ¢oenario as it is closer to the studied case. These resyity i
Other parameters that describe the scenario (height ighy the insertion of two receivers in very different sitaas
transmitters and receivers, transmit power...) are shawn jbqyces the power allocated to the secondary message, while
Table I1, with the Okumura-Hata propagation model equatiof,crementing this number of receivers (even to infinity) sloe
taken from [20]. In Figure 7 the obtained results are congparg change the result too much.
with those corresponding to a single pr_imary receiver on the g, higher values of., all the affected receivers have large
border of the coverage zone (which might be thought to Rgjyes of P, so the optimum fraction of active carriers is one
9For instance, this problem for a DVB-T system operating i 8K-Mode for all of them, and the obtained solution is equivalent te th
will have 8193 ;/ariables, although this number can be shgluiver if we worst cases_ingle-_receiver SOluFion- In thi_s r_egion the proposed
take into account the guard bands, for example. approximation with two users is not realistic, as even thersis

ig. 7. Fraction of transmit power of the secondary transmétiocated to
e secondary message as a function of the secondary trarspatition.
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on the border receive a much higher power contribution fro
the secondary transmitter, as previously pointed out.

With respect to the complexity of the problem (the numbe
M of groups), for the lower values af,, similarly to the
single receiver casdy/ = 1 results in a null power allocated
to the secondary message, whereas for valued/fof> 3
no additional gain is attained. Note that thi¢ = 1 case
is equivalent to the transmission without the proposed pow
weighting in the frequency domain, which use is shown ont
again to be mandatory in order to achieve a nonzero rate
the secondary user. Moreover, the solutidn= 2 (which was
shown to be optimum for the single user case) suffers only
slight degradation with respect t&/ = 3. For higher values
of r4, the solution is to perform a uniform power allocatior
for the primary message, so the optimum number of grou
is M = 1 and, therefore, further gain is not achieved b
incrementing the order of the problem.

VI. BOUND VERIFICATION: SOFTWARE AND HARDWARE
SIMULATIONS

BER after Viterbi

Fig. 8. Analytical bounds, simulation and hardware (HW) ressfdr multiple
CNR andy values. DVB-T waverform with Constellation: QPSK, Code &at
2/3. The CNR is calculated prior to the transmission of theosdary user,

In the previous sections, the transmit parameters of the s = 11 = L10(CNR+053)/10[21]
secondary system have been designed according to the BER

bound (6), due to the impossibility of finding a closed forn
expression for the actual BER. The objective of this sectic
is to verify the aforementioned bound, thus providing a
empirical proof of the previous theoretical results.
Computer simulations and hardware measurements wi
conducted in order to validate the proposed power allogati
for the secondary transmitter. Hardware tests were peddrir
in order to check the potential negative effects that the pr
posed transmission technique could have on the synchroni
tion and estimation stages of a real receiver. The measuterr
set-up is described in Figuré® In Figure 8 it can be seen

Personal computer

Experiment USB OFDM Eo(lulmo!
chedul C++ driver ©
scheduler Channel emulator
C
o
Measurement, NI VISA Ethernet v
[——

TR driver analyzer

Experiment

configurator

Eat abase

that, although the bound is not remarkably tight, its use uo

a performance metric for the design of the proposed filteri

Hardware measurements set-up. The OFDM signal wasaede

provides a clear improvement in the primary link quality Wit with the DekTec DTU-215 USB-2 VHF/UHF modulator [22], whichoms
respect to the simple transmission of the primary messagesimulate a 32 rays baseband equivalent channel (by defthinglelay,

and, therefore, the achievable rate of the secondary syiste

mplitude and phase of each ray), and the addition of Gaugsiése.
he BER was measured with Rohde & Schwarz ETL TV Analyzer [23],

going to be largéf- and captured withVATLAB via the National Instruments (NI) VISA driver.
In order to show the usefulness of the proposed filteririge experiments (CNR, channel model, number of measuremeriee..)

when dealing with hiaher order constellations. hardwaséste configured, inserted into a relational database, and firetycuted by the
g g ! experiment scheduler.

were run also for a 64-QAM constellation, with the corre-

sponding results shown in Figure 10. It can be seen that the

filtered approach outperforms the non-filtered transmisgio
all the scenarios except for the = 0.5 one, where some

VIl. CONCLUSIONS

artifacts were found. These effects are expected to disappe !N this paper we have considered the application of the
when using higher order transmission filters or weighting/€rlay cognitive radio paradigm to a broadcast Single Fre-
directly in the DFT domain. A similar behavior was obtaineduency Network. Given the fact that the primary user Quality
for a 16-QAM constellation, although the results are omditte® Service is not simply a function of the Signal to Noise Bati

due to space constraints.

1%Duye to hardware constraints, the power weighting was peedrin the
time domain, by means of a 32-ray equivalent baseband chanhetevone
ray was used to emulate the primary contribution, and the rentaiBl to
perform the frequency power weighting. The results weregamed in both

our approach has taken into account the possible degradatio
of the primary service in strong line of sight environmenig d

to the impossibility a of coherent combination of the prignar
waveforms. Optimum transmission strategies with respect t
analytical BER bounds have been derived and analyzed via

cases for 50 different pairgng, ) of delay and phase differences betweersoftware simulations. The proposed approach was further

primary and secondary contributions

11As the CNR required for a given BER performance is going to besto
for the filtered transmission, the secondary user is alloveedllbcate more
power to the secondary message and, therefore, achieveea tatg.

verified by means of BER measurements in an actual hardware
receiver. These modified transmission schemes were applied
in order to maximize the transmission rate of a secondary use
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Proof: We will assumey;, # 0. Using (32), we can write
Io(28vk) > %%11(25%). Combining this inequality with
(27) we obtainly(28,) > 51o(267k), S0 > 1.

Starting with (33), we have that/?(28vy:) >
10(287%)I2(287k), which together with (32) leads to

VRIS (2687k) > To(267) I2(2B7,).- (28)
z Finally, combining equations (32) and (27), we have
3 that I (28v;) = (1—%) Iy (287vk), so (28) reads as

BER afte

V212 (2Bv) > (1—%) I3 (2B7k), or, equivalentlyy, >
/B—1
7
[ ]
Proposition A.2: The nontrivial solutions for (27) are not
local minima of the optimization problem.
Proof: In order to be a local minimum, the Hessian

W ws W ms Yw ws w ms Uuw w5 w  ms matrix of the objective function has to be positive definite.
The Hessian is a diagonal matrix with elements

— 2 \
Fig. 10. Hard tests fi 64-QAM 2/3 DVB-T f Th d L(’Yk) B (L(’Y))hk =2 . * (29‘
ig. 10. Hardware tests for a 64- -T waveform. Thegwse 9 9 9
method (filtering with) = v2/4) is compared with the unfiltered approach™ (_43 Vi1 (2B7yk)+ B712(287k) + (QB'Yk + 8- 1) IO(QﬂVk)) :
(¢ = 1) and with the scenario without the secondary transmities=(0).

Moreover, we have that

. . . —4Bv11(2B87vk) + BL2(28vk)+ (30)
operating at the same frequency and location as the primary ) ()
user. The primary QoS is assured by means of a coverage BB +B—-1)1(2Bw) =
analysis whereby the BER is restricted to be above a given 2 D)

; ) > -2 —14+b)IH(2 Ip(2 =

threshold. Spectrum reuse is successfully achieved withou (=267 +9) 02( ) + Blo(26)
requiring any modification on the primary users, and with no (=287" + 25 = 2)1o(267)
cooperation with the primary transmitters. Future linegtis \ynere (i) derives from (27) andii) from (32) and (27).
work include the extension of the proposed scenario to Ricia ag gl the elements must be positiveyifis a local minimum,
and Rayleigh fading channels. and sincel, is strictly positive, the condition for the minimum

is v < %, which contradicts proposition A.1. ]
Therefore, those points with somg # 0 and inactive power
constraint are not local minimum of the optimization proble

2) Active constraint:In this case, we have the following
The associated Karush-Kuhn-Tucker (KKT) conditions toecessary conditions for the pottto be optimal

problem (7) are

26~ (= By lo(2B9%) + AL (267)) + 2\ = 0 ¥k, (25)  —2Bwe” " Io(2B%) + 26 (2Bv)e” 7 + 2hi = 0 (31)
Vi=1,...,N,A>0.

N
A\ (Z V2 N72> =0, A>0. (26) The condition is met ify? = 0, asl;(0) = 0. If 73 # 0, we can
P rewrite (31) as\ = Be— P (10(2mk,) - %11(25%)) vk,
so it can be seen that those points of the fotyy, =
L?N_M k1] (or their corresponding permutations) where the
power constraint is active are critical points of the Lagyian.
As the function A(vk) =

APPENDIXA
OPTIMALITY CONDITIONS FOR THE OPTIMIZATION
PROBLEM

We will distinguish two casest) whenS ~_ 42 — N42 < 0,
so \ is forced to be zero in order to meet condition (26), an
2) when Zszl 72 — N~v* =0, so\ is not forced to be zero
(we will refer to the constraint aactivein that case). a2 L ) A
1) Non-active constraintin this case, we hava = 0, so Be= (IO(ZBW) ~ 5 11(267) ) is non-injective, there are
the resulting condition is some pointsy; # 72 such thatA(y1) = A(y2). However,
N these points were found to be local maxima of the objective
2e” P (= By do(287k) + B (2B7)) =0 ¥k = (27) function by checking the second order necessary conditions
= Wlo(267) = 11(267) Vk. for optimality.
N o ) ) Regarding the second order conditions, some of the points
Proposition A.1:The nontrivial solutions for (27) are in the ;nqer study can be local maxima, whereas others are local
interval \/% <y < 1for 3> 1. For g < 1, the only minima. As we are optimizing over the whole set of points, it
solution Isvy; = 0. is expected that the solution will lead to a global optimum.
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A. Properties of the Bessel functions

with ~2

11

= ¢v? the total power spent in the carriers with

amplitudey; =2, as

Iv(t) = v72(t) - M

() > (O3 ().

I,_1(t), (32)

(33)

APPENDIXB
ASYMPTOTIC OPTIMUM VALUE FOR ¢

We start with f(¢) = (1 — ¢) + ¢e P /91(28~/+/3). In
order to find a minimum of this function, we take its derivativ

% (f()) = e B /x
x (1(281/v/3) (14 22) ~ 1(281/v/3) 55 ) 1.
' v (34)
For high SNR, if we use the asymptotic approximation for

the Bessel functiorfo 1(x) \/% and make the variable
changea = after equating (34) to zero we have

we

~
~

ff,
o (1= Pa+ pa _ Ba? 1—
<47rﬂa)_e ' (35) (

fvp) = 3hv

diagonal matrix with entries

v o5 4
= — U’0+2ﬂ21 _—
(7, p,Xg) = e 0 <w0+2 2) + (38)

2 Top2
(-3) ()

o + 2p?

Let us definef (v,p) = n(y,p,xf) — no. As P — 0,

have thaty — 0 and p — 0, so we can write
pIVZ ,f(0,0) [y pI", being V2 f(0,0) a

L 0.0 = e (n(s)-e) o
o*f (4 —2Yo(v — 1))e~ /%o
Bp 5 (0,0) = ¢g . (40)

The maximum value op will be obtained when the power
constraint is met with equality. In this cas¢® + p> +

4((To+1)p*—P)

2
’YT) Topz = P, SO ’72 Top?—4 ~ P —

(Yo + 1) p%, where the last approximation holds provided

For asymptotically large, the expression between parenthesifop” is small enough with respect th With these expres-

can be ignored, so the remaining expressioni§* = ehe,
Therefore, we have: = 2, which leads to a value af = %-
Note that this expression is only valid for valuesyok 2. In
fact, if v > 2, the solution of the problem is to transmit over
all carriers with equal power, i.e4 = 1.

sions, we get to the desired equation

P —f(o 0)
P (To+1) 50,00 -
¥

b ()

P =

2]20 (0’0) = (41)

APPENDIXC
TwO DIFFERENT RECEIVERS

If we constrain the frequency power weighting to have only

two different levels, we can write the Chernoff bound as  [1]
o _ 4R 271 (x)
= Pp()+202 ) [ [ ————— 2
n (¢7 V1,725 P X) (be 0 (1/} (X) + 2[72 (X) + (36)[2]

1+~3 (%)

(1— ¢)e #o0+207G0 ],

(swrwm)

where¢ € [0,1] C R since we are assuming a large enough?!
number of carriers, angl;(x) = v/ P(x)7i, p(x) = v/ P(x)p.

We will try to find a solutlon(gb, 71,72 p) that fulfills the [5]
BER constraint at both receivers even with the insertion of a
secondary signal, i.en, (¢, 31,72, #, x) < 1o, ¥x € {Xpn, Xy }. [6]
For the nearby receiver, the signal coming from the primary
transmitter will be negligible with respect to the secovydar

transmission, so we have that 7l

_at _ 3
77<¢7'~71aﬁ/2a/37xn):¢€ 257 +(1—¢)€ 277 (37) [8]
just by taking the limitP(x) — oo in (36).
Let us define 7ym2 = min {71,722}. Then
(), 91,32, p, Xn) < 6_2/7"5, so if we sete” W 70, ol

then42,/p? = Yo, the CB constraint will be met.
With this restriction, we can write a simplified CB consttain[10!
for the distant receiver usifg¢ = 72/4 andy, = /Top,

12\ith this simplification,y; = 2, and asy2 ~ 0,ym = 72. In the
following, we will omit the position indexindx), as we are only taking into
account the far-off receiver.

[11]

et/ (T (o = 2)° + 4 +8) — (Yo + Dl ()
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