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Abstract—The potential of Time Interference Alignment settings (as in theK-user interference channel) the

is investigated in this work, with particular reference to capacity can even grow linearly with the number of
the attainable degrees of freedom. Theé(-user interference terminals [1]

channel is considered, in which transmitters and receivers . . . .

are placed randomly in a Euclidean space. A model for long All typgs of IA I’GQL!II’e thgt the signal I'V?S n a
delay networks is introduced and the degrees of freedom SPace with multiple dimensions. The core idea that
for different cases (with and without transmitter delay underpins IA is to divide this space into a desired
coordinatiqn) are evaluated.. It is shown how time inter- subspace (where the intended signal should lie) and
ference alignment can provide more degrees of freedom ¢qnfine all interference into an interference subspace.

than TDMA when the transmitters jointly coordinate their - L
transmission delay and the number of pairs isK > 5 Hence, the desired subspace is interference free and

Closed form expressions are derived for several cases ofthus the capacity can grow as the Signal to Noise Ratio
interest which provide insight and useful predictions. Ths  (SNR) increases. For instance, in MIMO based IA, each
work is concluded with an investigation of the achievable signal is generated and received by multiple antennas
degrees of freedom for muI_tl-satelllte networks, where it$  and hence it is a vector. The employment of multiple
shown that the results obtained under several assumptions t - . fi ith 1A has basked a high | |
do predict accurately the degrees of freedom in a real an enna§ In conjunction wi o as basked a high leve
setting. of attention [1], [4]-[12] but it is by no means the only
way to create signals in multiple dimensions. Another
possibility is the usage of different signal levels [9]

. INTRODUCTION or to exploit the different propagation delays between

The significant capacity improvement possiméerminals [13]. Ol_Jr work fgcuses on this Ias.t ap_proach.
through Interference Alignment (IA) has attracted /Nterference alignment in the time domain, time 1A
growing interest. The possibility to attain the degrees §r Short, works by letting transmitters coordinate the

freedom (dofy of some important network topologiess_tart time of t_he|r transmissions so that the de_slred

has theoretically supported the relevance of thg_gnal is recewe_d mte_rference free at the receivers.
technique [1]-[3]. The potential gains have beehiMe IA is of particular interest for networks with long

verified in practice by some testbeds [4], [5]. In certaiff€lays, such as satellite and underwater networks. In
this setting, one argument in favour of Time IA is that
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defi-rlm—gg ésigm dof for a network and a certain transmission scheme adelays that enable every user to transmit 50% of the

time interference free. The feasibility of perfect IA in a
Euclidean space was studied in [14]-[16]. In [14], [15] it
where P is the transmit power and’(P) is the sum rate of the IS assumed that the transmitters are not allowed to delay

network. their transmission and that the time allocation is the one

dof = lim ﬂ,
P—+oc log(P)

M



shown in Fig. 1. Under these assumptions it is showemployed by the transmitters is more general. Moreover,
thatin anN dimensional Euclidean space it is possible thelpful formulae are developed which allow to make
place N +1 pairs that can transmit interference free 50%redictions also for some real-world scenarios. Finally
of the time, therefore it is possible to attaiv + 1)/2 the applicability of the schemes is demonstrated in the
dof. In [16] a more general system model is introducetbntext of a multi-satellite network.

based on polynomials that describe cyclic permutations.The paper is structured as follows. Section Il in-
Under the assumption that the delays between transmitsduces the system model considered in our work.
ters and receivers are positive integer multiples of or&ection Il presents results for the case in which the
time slot, the conditions necessary to achieve perfachnsmitters do not coordinate. Results for coordinated
IA are derived. Contrary to this stream of research thatainsmitters follow in Section V. Numerical results
looks for specific delay configurations that enable higlor a real satellite application scenario are presented
capacity, [18] does not make any assumption on the Section V. Finally, the conclusions are drawn in
values of the delays and instead attempts to organize thection VI.
transmissions so as to maximise the attainable degrees of
freedom with the given propagation delays. In [1], [2],

[9], [13] a time slotted scheme is considered in which all
transmitters transmit in even time slots and remain silent Matrices are denoted by capital letters ang; stands

in odd time slots, hence, the transmission pattern hago the element at the-th row and j-th column of
period of 2 time-slots and is the same for all transmittera. matrix /. FurthermoreM mod p represents the

In [18] different transmitters have generally differentlementwise modulg operator of matrix)/, by other
transmission patterns and the period of the transmissigdrds the remainder of the elements in the mafyix
pattern is longer than 2 time slots. The main finding iwith respect to a real valued diviser The rectangle
[18] is that the dof of the network can grow linearlyfunction or unit pulse centered aroundand of length
with the number of pairs, but only if the bandwidth ofi is expressed as réat) and §(x) denotes the Dirac's
the network grows also with the number of users. Thigelta.R" stands for théV-dimensional Euclidean space,
last phenomenon is referred to as bandwidth scaling. where N is generic.

In the present work, contrary to [1], [2], [9], [13] and The K-user interference channel is considered [1],
together with [18], the propagation delays are rando[8]. In the K-user interference chann& transmitters
variables that cannot be controlled by the networkommunicate withX receivers and, since the network
By other words, a special arrangement of the termin@ fully connected, the transmission from each of #ie
positions is neither sought nor assumed. Instead, we fitelnsmitters is received at all tHé receivers. An exam-
more practically relevant the question of better charapie for K = 3 is shown in Fig. 1. We shall assume that
terising the dof that are achieved when the transmitteransmitter 1 communicates with receiver 1, transmitter
arrange their delays so as to maximise the interferengavith receiver 2 and so on. Let us consider the general
free time. In our analysis we focus on the evaluation @fase in which transmitters and receivers are placed in
the dof under the assumption that the bandwidth of the" and the delay between two nodes is proportional to
network stays constant (no bandwidth scaling). their Euclidean distance. For simplicity we assume that

Our main contribution is the analysis of three apthe position of all nodes is fixed. The propagation delay
proaches to time IA: no coordination (NoC), altruistiamong all the nodes in the channel can be expressed in a
time 1A (AIA) and joint maximization (JMax) (Sec- (K x K) matrix A, wherea; ; € R" is the propagation
tion IIl, IV-A and IV-B, respectively). The first system delay between transmitter and receiveri. Note that,
offers a performance benchmark, leads to the derivatisince the positions of the nodes are constant, the delays
of several closed form expressions and provides alsmong the nodes are fixed. Time is divided into slots
useful analytical tools for the other two approaches. T length 7. Transmitters are allowed to transmit only
second scheme employs a simple alignment algorithfoy a time p7" in every slot,p < 1 and the ratio of the
which reduces the interference at undesired receivers drehsmit duration over the length of a time slpf, will
leads also to the derivation of analytical expressione called duty cycle. This framework is more general
The last approach is based on the analysis of the tilzan the cases considered in literature up to now [1],
other schemes: it numerically maximises the sum dof aft¥], [15], but it also includes the canonical example of
shows the achievable gains in terms of sum dof for Timsterference alignment by means of delay offsets, where
IA. Based on the presented results, we conjecture that the transmitters are allowed to transmit for a fraction
sum dof grows without bound (even without bandwidth = % of the time. For simplicity, all transmitters send
scaling), although sublinearly with the network sizewith the same duty cycle; = p.

Compared to previous work, the transmission patternGiven the fact that the time allocation scheme is
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Fig. 1: The 3-user interference channel. Note that perf&ds lattained.

periodic with period?’, it is useful to define: L >> T. Under this assumption, we can infer that
A mod T the elementsB, b; ; are independent and uniformly
B= ) (2) distributed betweer) and 1. When no coordination

_ . r is assumed, the transmitter delags are independent
B is a (K x K) matrix whose elements; ; take and uniformly distributed betweemand 7. Hence, the
values in[0, 1). We refer toB as normalized propagationejements inD are independent and uniformly distributed
matrix. Additionally, transmitters are allowed to delayyetween) and 1.
the start of their transmission. We denote By the  wjithout loss of generality we shall focus on the dof
initial transmission delay of transmittér Let us define achieved by pait. Let us denote by, x the dof attained
a new matrix, by pairi when K pairs are present. The main metric of
(A+ A) mod T interest is the probabillity densit_y function (pdf) af,;_(,
T ; (3)  f(ai.k). In the following we will computef (a; ) in
o . a recursive manner. As a starting point we assume that,
which is a(K x K) matrix whose elements, ; also have \yhen K pairs are present, the dof achieved by pair
range(0,1). A is a (K x K) matrix whose elements, gre known and are equal ta, x < p. We will assume a
A j, correspond to the initial transmit delagk; of new pair joins the network, and derive the gy x 1)

D:

transmitterj, A; ; = A;, Vi. starting from f (v x ).
Every period T, receiveri sees the signal from
[1l. ANALYSIS FOR NON-COORDINATED transmitter ; interference free for a contiguous time
TRANSMITTERS a; xT. Let us assume that the interference free signal

The first setting to be studied assumes no coordinatiBh receiver: startfs at t|m_eTT. Transmltt_erK + 1
among the transmitters, so that the initial transmissi [Rnsmits for contiguous timpT" every periodT". For
delay of each transmitter is random. We use the shoRtmplicity the au?<|I|ary variabler is mtroduged a}nd
hand NoC to refer to this method. This setting represer{ rgsents the difference be.tween the starting time of
first a benchmark for the true IA schemes, but it is als0' interference from transmitteé + 1, d; x+1 andr
amenable to analysis and it is therefore possible to deridulol, n = (di 41 —7) mod 1.

many closed form expressions, which constitute the basisIn the first case the interference introduced by ke

of the investigation in those cases when the transmitt '§h trgnsmmer does nqt °Ye”ap W'_th the m_terference
do coordinate with each other. ree signal from transmittef at receiveri. This case

Transmitters and receivers are assumed to be randorl epicted in Fig. 2. More concretely the two egt_reme
placed in a “sufficiently large” section oRM,2 so CaSeSare shown,= a; x andn = 1—p. The probability

that the elements i, a; ; take values in0, L], with of this case is:
Pr(oik+1 = aiklaig) =Prlagx <n<(1—p))

2Section V will show an example of what “sufficiently large” ares =1-p—oak.
in a real satellite scenario for different values'Bf (4)



P of notational simplicity. Hencen denotes the dof
achieved by a generic pair of users when a totalkof
pairs is present in the network. The starting point is the
case with only one pair. Since there are no interferers

v T werak v w2 a1 = p with probability 1:
P
flar) = 6(ar = p). )
Applying (8), the expression fof («2) is obtained:

P
a2—§

T T w-p w1 w2 flag) =2 rect< > + (1 —=2p)d(az — p). (10)

Fig. 2: Snapshot from time to 7 + 2 at receiveri o ¢ — 3 the following expression is obtained:
when the K + 1-th transmitter does not overlap with ,
a3 —35

the interference free signal from transmitieiTime has flas) = (4= 2p — 6as) rect( = ) (11)
been normalized to the time peridd The solid block +p25(as) + (1 — 4p + 4p?)5(as — p).
represents the useful signal whereas the striped block
represents the interference. The upper part represent§nd for K
n = ax and the lower parh = 1 — p. flag) = (p* + (1= p)p* +2(1 = p)p?) 6(cu)
+(1—2p)%0(ca — p) + (2(1 = 2p)?
+(4—2p—6a4)(1 —p—au)

= 4 we have:

The second possibility corresponds to the case in

which the signal from transmittek’ + 1 completely +2(4 — 3as — 5p)(p — aa)) feCt(MTQ) :
overlaps with the interference free signal at receiier (12)
and thereforev; 1 = 0. The probability of this event  The expression foff (o) for K > 4 is calculated in

is the same way simply by applying the recursive iteration

in (8). It is clear that the computation of the pdf @f
poses no challenge in principle but it becomes rather
(5) tedious, especially for largé’. ) .

The third case corresponds tq i1 taking values E@E’ﬂi’]'nig o(t?[gingd:smpe recursive expression for
between0 and o k:

Pr(ai,K-i-l = O|ai7K) = Pl“(l — (p — ai7K) <n< 1)
=pP— QK.

Elaxt1] =[5 axi1f(ax)daxt1
Pr(ai g alei k) = Pr(ai k1 < afoi k) = % anean ([ Floralor) fax)dork ) dax
=1- Pr(ai,K-i-l > a|ai7K)
=1-Prla<n<l+ax—a—p)
=p—a;K + 2

= [ (ffom ax+1j'(ax+1\ax)daxa+1) flak)dak
=/ (ffom QK41 (2 rect(%) +(p—ax)d(axt1)
(6) + (l—p—aK)é(aK+1—o¢K,)) daK+1) flak)dak

By taking the derivative of (6), and taking into con- =/ i (Jo' 2 axsadaria +0+ (1 = p - ax)ax) flax)dax
sideration also the probability mass points (4) and (5)._ (f;io(pl) }oﬁ)aaKKj ;?QKK);?QKK
it is possible to obtain the pdf af; k1 conditioned to = (1 — p)E[ax],

. 13
QG K - (13)

which can be written in closed form taking into account

OF (o res1lon.rc) the trivial caseE[a;] = p:

flas ko) =

O K41
K41~ 24, K _ K—1
+(p — i )0 (ii+1) It is easy now to prove that the value pf which
+(1 —p— a@K)(S(aZ-yKH — ai,K)u maximizeSE[aK] is:
(7 1
where F(a; k41| i) is the cumulative distribution pRoY = o (15)

function of a; k41 conditioned toq; i, which is ob- )
tained from (4), (5) and (6). If the pdf af; x is known, SO far we have characterized tfigx ), the pdf of the
the pdf ofa; .1 can be calculated as: dof for one pair when a total of{ pairs are present. Let

o us denote a®x = ), o i, the sum dof achieved by
flaixs1) = / flaigii|or) faix)da; . (8) the K pairs. We recall that the dof of achieved by each
—o0 pair corresponds to portion of time in which the receiver
In this way the pdf ofe; x is computed recursively. sees the signal from its transmitter interference free. The
In the following the index: is dropped for the sake pdf of the sum dof forK users,f(¢x), is simply the

4



convolution of K single user pdfs. In Appendix A we o
provide the expression of(¢3) as an example. Using
(14) it is possible to provide a simple expression for |

Elpk]:

E[¢px]=E

K
Zau{] = KE[ag] = Kp(1 — p)k~1

(16)
Writing ¢ as a function ofpx 1 gives us also some
insight into how the sum degrees of freedom evolve as
a function of K:

Biow] = (- p)Blox ). (17)

By means of (17) it is also possible to compute the

mean sum dof when the number of pai&, goes Fig. 4: CCDF of the sum dof with no coordination,
to infinity and the optimal duty cycle®°¢ is used, ¢¥°¢, for K =2,3,4,5.
ox°C = Elox (pr)]:

10

12 14

Jim PRoC = A KpRo®(1 — pge@)x ! of the uncoordinated case proves to be helpful in the
— 1lim (1 . L)K—l 1 18) investigation of coordinated transmitters, as Section 1V
K—o0 K € will show.

¢X°¢ is monotonically decreasing with” and tends
to % as the number of pairsk, tends to infinity,
as depicted n Fig. .3' It can be observed hﬁ’@‘).c In this section we assume that the transmitters have
decreas?s rapidly withk, and already fork = 5 it is perfect knowledge of the normalized propagation delay
close to. matrix, B. Moreover, according to the IA paradigm,
the transmitters align their transmissions so that the
[-e-ohoC undesired signals at the receivers overlap as much as
, . B . . Ve ] possible leaving the desired signal interference frees Thi
) alignment in time is achieved by letting the transmitters
apply an initial delayA;. We analyze two different
strategies. In the first scheme, which we call altruistic 1A,
i transmitters align the transmissions only to reduce the
W . , ~ S o interference at undesired receivers. The second strategy
o '*».-;;_"__‘_‘_.__‘__‘__'.__;_‘*1__._‘_‘ | consists of a joint maximization of the sum dof. The
= first approach is studied analytically by means of the
: [ ‘ tools developed in Section Ill. The latter technique is
R [ o C T o built upon the numerical optimization of the sum dof of

a K-user interference channel, and explores the capacity

L L i L = - = gains achievable by means of IA.
K

Fig. 3: ¢ vs K. The dashed line representq°°. A Ajtruistic |nterference Alignment
The solid line represent$ which is the limit of }°¢ _ _ : : :
when K tends to infinity. In this scheme the transmitters adjust their transmis-

sion delays in order to reduce the interference caused at
Fig. 4 shows the CCDF aop¥°¢ for K € {2,...,5}. unintended receivers. We denote the scheme as altruistic

It can be seen that, as the number of users increases,tthre I1A (AIA), since the transmitters do not consider the
probability of p%° taking values close t@ decreases. signal at their intended receiver in order to choose their
Note that the CCDF ofX°“ has a discontinuity at transmission delay. This scheme is better illustrated by
pR°¢ =1 for K > 2. This is because the probability ofmeans of an example. Assume we have a network $vith
¢R°¢ taking valuel is not zero forK > 2. Hence, the randomly placed pairs and let us first focus on receiver
pdf of pX°C has a Dirac’s delta ap°¢ = 1. Receiverl hasK —1 = 2 interferers, namely transmitters
As expected, when the transmitters do not coordina?eand3. Transmitter2 can set its transmission delay,
the system capacity is very low, however the analysg that its interference at receivicompletely overlaps

IV. ANALYSIS FOR COORDINATED TRANSMITTERS

0.8

E[¢k]




with the other interferer, transmitt8r In absence of co- subject to the constraints (20) and (21). For a given
ordination, receiveil had two interferers, and thereforeK’, the maximisation ofE[¢x]| is performed in two
the pdf of its dof wasf («3). However, after transmitter  steps. First, we find the optimal values of for k €
setsA, as mentioned, it has only potential  interferer {1,..., K — 1} which maximizeE[¢ x| for all values of
and the pdf of its dof becomeg(wz). Furthermore, p, 0 < p < % In Appendix B we show thaE[¢ k] is

A; can still be set to reduce the number of potentimhaximized foru; =1, ux_o =1 andug_1 = K — 2,
interferers at receivez or 3. Hence, the transmitters will so that the expression of the optinta|¢ k] is:

coordinate in order to align their interference at the un- _ _
intended receivers. We remark that when the transmittdrs?<] = #(1 =0) + (1= P (k=2)p(1-p)" ",
optimize their transmission delays they do not take into (23)

: . . : . Therefore, in order to maximizE[¢ k| for all values
consideration the useful signal at the desired receiver. In ) . .
. . . .-of p, K —2 transmitters have to set their transmit delays
a network withK pairs, K — 1 transmitters can set their

%li to align their signal at the same receiver, and the

transmit delays in order to reduce the number of potenti emaining transmitter aligns its transmission at another
interferers at some receivers. Here the transmitters ha{v%ne ver 9 9

. . . re
different possibilities. For exampldy — 1 transmitters . . . .
P play For the optimal choice ofi, it is easy to numerically

could coordinate to reduce the potential interferers at ATA o S
. . . compute the valugs’“ which maximizes the expected
different receivers. Hencdy — 1 receivers would have um dof when AIA is usedéAA  althouah no closed
K — 2 potential interferers and one receiver would hav% i 9 174
K — 1 potential interferers. In the general setting whe orm formula could be found. Fig. 5 sho for
' k= 3,4,..,20. We can see howpt/4 > ploC,

altruistic 1A is used the sum dof can be written as: .
althoughp#/4 approachegX°¢ as K increases.

K-l Fig. 6 showsp/4 for K € {3,...,20}. This figure
P = Z UEOk+1, (19)  shows how altruistic IA provides a dof gain with respect
k=1 to the uncoordinated casgp!4 > ¢°C. However, this

whereuy, represents the number of pairs witlpotential gain decreases witl, and whenk tends to infinity
interferers. Note that the summation startskat= 1 ¢%'* also tends tg. This outcome was verified numer-
because at most th& — 1 interferers will align their ically and not analytically since it is very challenging to
transmission at one receiver, so that the receiver segnpute in closed form/4.

only onepotential interferer. Since the number of pairs

is K the expression is subject to the constraint: - T T SRR
L@ %oc
K—1 o PR
ZukZK, up € {1,2,...K}. (20)
1 5000000 0 DDLU IR DO OO i

In order to have a pair with potential interferers, :
K — 1 — i transmitters need to align their interference. <7 L S RN B

Therefore, having a pair with potential interferers P R B5e
implies to commit K — 1 — ¢ free variables. Since S kN 1
K — 1 free variables are available, this translates into |~ * *. SN S o
the constraint: P EERE N SRR R RN SRR AR ]
* e D

K—1 RGN vh .9__9__9_1_

S u(K-1-i)=K-1. (21) L e e A

i=1 K

Eq. (19) expresses the sum dof achieved by a systé&ig. 5: The dashed line with square markers shpys*
with altruistic 1A as a sum of random variables. Makingvhereas the dotted line with round markers represents
use of (14) and (19) the expected value¢gf is: prec,

(22) B. Joint maximization of the sum dof

In this section a new type of coordination is introduced

3By one potential interferer we mean that there is one transmittevhich aims to jointly maximize the sum dafx and
which may cause interference at receiver However this transmitter this will be referred to as JMax. Coordination has now
need not cause interference. Under the presence of onetiabtent . It Is: first. th inimizati f th
interference, the dof obtained will have a probability l®ition WO Simultaneous goals: Tirst, the minimization o €

function f(a2) as given in the previous section. mutual interference at undesired receivers and secondly

K—1
Elpx] = > up(l - p)F,
k=1
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Fig. 6: Sum dof vsk' for the AIA and NoC schemes. Fig. 7: Optimal duty cyclep vs K. The solid line with
The dashed line with square markers represefts',  round markers representg**. The dashed line with
the dotted line with round markers represepf§“ and  diamond markers shows its approximatisff*/**. The
the solid line represents. dashed lines with square and asterisk markers represent
ATA d NoC
P andpg.

the maximization of the useful signal at the desired
receiver. This joint optimization is non trivial generallyysing (14), the expression fq?yg{Mar is the following:
speaking and it has been performed numerically in a
centralized fashion. - S K o

We will denote asp7® the duty cycle which max- ?x = lp+p(1=p) + Z p(L—=p)". (25)
imizes the sum dof, and as///** the expected value =2
of the sum dof achieved with JMax when the optimal Note that (25) is a polynomial op of degree smaller
duty cyclep;'** is used. Although the exact analyticalor equal thank. Hence, the duty cyclg/Me= which
computation ofp#** seems intractable, it is possiblemaximizes (25) can be obtained numerically in a very
to make some assumptions to derive approximations @ficient manner using, for example, a gradient ascent
¢7Max and pgM e, which we will denote respectively g|gorithm.

as Mo and jee. Let us first consider a system  The optimal duty cycle?Ma* and its approximation
with K pairs and no co.ordlnatlor_m We will denoteas  ;7Maz a5 g function of K are shown in Fig. 7. The
the probability that user gets no interference from useffigure shows hows7M“* is a very good approximation
J- According to Eq. (4)p; = 1 — 2p. If the transmit of ,/Maz Moreover we can see howM** and /Mo

delays are random, the probability of one user having are considerably larger thari°C and p2/4.
interferers is: Fig. 8 showsp/M** and its approximationpy e

Py = (51 (1= py)" pyi1om as a function of the number of paits. Both ¢/
" n frr (24) JIMaz i i i
= (5 (2p)" (1 - 9p)K—1—n andgz* increase with/', which was not the case for

altruistic IA and the uncoordinated case where the dof
since there arél — 1 potential interferers. Let us referdecreased a%’ increased. However)/M* is always
to the number of interferers of uséras n;, and let smaller thang7**, and the approximation is not as
us order the users in ascending number of interferdight as it was for the duty cycle. It is quite remarkable
so thatn; < ny < ... < ng. In order to simplify that for K > 5, ¢7M > 1 and therefore, a system
the analysis and arrive at an approximate result, weth 5 or more pairs using time IA and joint maximiza-
assume the dof of each pair to be mutually independetian provides on average more dof than an orthogonal
Under this assumption, th& — 1 free variables are resource allocation scheme. Moreover, our numerical
used in order to remove interference from users, startiagalysis suggests that for increasifAgthe probability
from the user with the fewest interferens;, until all of attaining more dof than an orthogonal scheme tends
free variables are consumed. Therefbresers are freed to 1. For K > 7 the probability of achieving less than
from interference, wheréis the biggest integer so thatl sum dof is already smaller thai®—*. We conjecture
Zﬁzl n; < K — 1. Moreover we are left witly < n;;, from the plots that the sum dof grow without bound with
s > 0 free variables, which are used to decrease th€ even without bandwidth scaling, although sublinearly
number of interferers of thé+ 1-th pair ton;; — s. with the network size.



single very large and very expensive satellite. Hence, a
first investigation of how much capacity is achieved by
time 1A can have practical importance. Furthermore, we
remark that transmit delay coordination is in fact already
in place in some TDMA standards for the return link,
like DVB-RCS [19], which require that the users’ signals
arrive at specific time instants at the satellite. Theseydela
corrections are computed by the network gateway and
therefore from a system point of view there would be

E[¢k]

e . ~“‘f~..,.~_:_ . ] almost no cost in implementing time IA for multiple
04‘:"‘1“~A~w-wu...,,,,.,,h,H:T.:-.-:"';-,',‘f’ satellites directed by a single gateway.
In our study, the focus is on geostationary satellites,
oal e because a large number of communication satellites are
K along this orbit. Moreover, the delay from a geosta-

Fig. 8: Sum dof vsK for the JMax scheme. The soligtionary satellite to a point on ground changes very
line with ** markers shows$74*, the dashed line with slowly over time, which simplifies the setup. We will

'0’ markers shows its approximatia%t}(]"f“ the dashed @ssume that thd{ satellites are equally spaced along
line with square markers shows*’4, the dotted line the geostationary orbit so that they span between 24.5

. . [e]
with * markers shows¢™°C and the solid line shows @nd 25.5 degrees east, with a sepgranonﬁéﬁ be-
1 tween neighbor satellites. These orbital positions lierove

B Europe. The ground stations are randomly placed over
Europe, being their latitude and longitude uniformly dis-
The joint optimization problem does not scale weliributed in the range§35°, 55°] north and[—10°, 20°]
with the number of user(, since the number of vari- east, respectively. We remark that only the positions of
ables to optimize ig and therefore the dimension of theground terminals are random and the satellite positions
search space grows linearly witti. Hence, this scheme are fixed, whereas in the previous sections all nodes,
will not be practical for large values oK. However, transmitters and receivers, were randomly placed. In all
for values of X' up to 10 the joint maximization is still cases the duty cycle is assumed to 4j¢’**, and the
practical and provides a gain in terms of dof. In thisgransmitters jointly coordinate to maximize the sum dof,
work the focus is on the achievability of dof rather thamhich we will denote a7 In the results presented
in developing low complexity algorithms to perform then this section the transmitter delays are numerically

joint maximization. jointly optimized in order to maximize the sum dof!
according to the same method of Section IV-B.
V. APPLICATIONS FOR SATELLITE NETWORKS Fig. 9 showsy?2! for the previously described satellite

The results presented in Sections Ill and IV assungetting, as a function of" for different values ofK.
that the elements in the normalized propagation deldye solid lines represent actual numerical results for the
matrix B are uniformly distributed between and 1. satellite scenario, whereas the dashed lines correspond
This assumption holds in reality only if the differenceto ¢7//%® under the assumption that the elements of
between the propagation delays; are much larger than the matrix B are independent and uniformly distributed
T. In this section we illustrate the applicability of timebetweerD and1. In the figure we observe how for large
IA in satellite networks, which are characterized by longalues of ', ¢7** < 1 (see Appendix C for a proof).
propagation delays and bandwidths in the order of MHEOr small values ofl’ ¢3! ~ ¢7*%*. In other words
We assume thé<-user interference channel is formedhe sum dof in the satellite setting is very close the sum
by K satellites which communicate witR™ stations on dof when the entries if3 are uniformly distributed from
ground, using the same frequency. Many reasons camnd 1.
be brought to operate multiple satellites in the same Let us definel’ as the maximum value &F for which
frequency, but two are of particular relevance. First of aly7¢! /¢72** > 0.97. In other wordsT is the value of
due to the high price of spectrum licenses, it is attractive below which the elements of the matri® start to
to reuse the bandwidth very aggressively by deployirte sufficiently random. Fig. 10 depicis as a function
multiple satellites close to each other and using thef K. For example, forK = 3 users,T = 500 us is
same frequency. Moreover, it may be more viable fromlready enough to approach the performance of a random
an economic point of view to first deploy one satellitesetting. However, as the number of uséfsincreases,
and incrementally launch the rest of the constellatioli decreases. For example, féf = 10 users, a value
when the revenues pick up, rather than operatingod 7' = 56 us is required to approach the performance



of the random setting. The necessity of a smalleis XM-Sirius satellite radio system in order to provide
partly due to the smaller inter-satellite separation, as tkatellite diversity [22], therefore such systems are in fac
whole constellation is constrained to be deployed in aiready reality and therefore the proposed scheme may
orbital slot one degree wide. be practically relevant.

In all the time IA schemes proposed in this work,
inside each interval of lengtll” pair ¢ will have a
continuous timey;T" in which the pair can communicate T
in the absence of interference. It is not necessary to |
fit one whole transmission frame inside7. However, 13
in practical implementations many transmission symbols
should fit in the interference free timeT'. Nevertheless, —
the symbol duration in satellite networks is generally ﬁm = i b R b C Rt
very short. For example, in Ku-band the typical transpon- — _ SN
der bandwidth is36 MHz. If the whole transponder is
used to carry only one DVB-S2 channel [20], assuming os
a roll-off factor of 0.2 the baud rate i80 Mbaud/z,
which translates into a symbol duration®633 us. This
value is very small compared to the valuelof= 56 us o7l e e e e
required for X' = 10. In higher frequency bands such Tls)
as Ka-band channels can bg even wider (in the orderﬁb_ 9: ¢S4! for K ranging from3 to 10 vs T for the
100 MHz) so the operation wittk” = 10 would pose no selected satellite scenario. The solid lines represent nu-

challenge at all. ] ) ) merical results for Monte Carlo simulations in a satellite
In the example provided, fixed terminals are assumegenario, where markers represent the different values of

However the position of the satellites in the geostationasy ;e for the simulations. The dashed lines represent
orbit is not always constant, but changes with time¢,1Mm for different values off .

These changes are called orbit perturbations and ma

the satellite drift from its orbit. To counter act this drift
satellites are equipped with rockets which are used to *°
keep the satellite into the so called station-keeping box.

For a geostationary satellite this box has a typical size

of £0.05° in latitude and longitude [21]. If we consider

a satellite receiver placed in Munich, Germany, and a
geostationary satellite &5 degrees east, an excursion

of 0.05 degrees in longitude changes the delay3bly7 a0t
us. The drift of the satellite inside the station-keeping
box is rather slow. It takes several hours for a satellite
to reach the borders of its station-keeping box. Moreover,
the satellite operator monitors continuously the position
of the satellite and has a very accurate estimate of the
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satellite position at all times. Therefore the operator can L L L L L L -
compensate for the delay variation introduced by the K
drift. Hence, in the case of a geostationary satellite rafte Fig. 10:T vs K.

compensation for the delay variation a residual error

several orders of magnitude lower than7 us would

be left. Such an error would have a rather small effect VI. CONCLUSIONS

in the sum dof. This work has studied the capacity improvements in
It is possible to relax the constraints dn by in- terms of dof brought by time interference alignment in

creasing the separation between satellites. This is reotmore general setting than its predecessors [1], [13]-

meaningful for stationary satellite terminals, since the[15]. Three different time IA schemes have been studied.

antennas are very directive (their main lobe of thA scheme has been presented in which transmitters

antenna is arountf wide). However, it is meaningful for coordinate to jointly maximize the sum dof of a network.

mobile terminal, whose antennas must be small and hawéth such a scheme the sum dof grows as the number of

limited or no directivity. A multi-satellite constellativ pairs K increases. The rise in the sum dof observed is

for mobile users has indeed been rolled out in thess than linear iff<, however, in contrast to some work



in time 1A [18], the schemes proposed in this work do nothere:
require bandwidth scaling (i.e., the increase of bandwidth 5
with the number of pairg<). Furthermore forK > 5 B 1—dp 4 402
the proposed scheme provides on average more dof tha B a5 4 3,9 3
an orthogonal scheme. It has also been shown how ?ﬁr‘w?’) n 26p3 op (Qb32+ 12p 2+ 32p ¢34 48p (b?;,
i - - : +6p~¢3 — 48p“ ¢35 + 48p~p3 — Ipd3 + 48p¢
the absence of coordination or in the case in which _A8pe? — 240 + 1864 — 4863 + 3242
transmitters coordinate without taking into account the (65) = 08 %+§934¢  Tospt 118 3¢§
desired component at the receivers (altruistic 1A), th8>\> 2_40532 N 78p3 - 12 2¢§+ 504 ]§¢23
sum dof of the network decreases as the number of pairs 421)6 23 p 9 e 4 b 3 9
. ; oS ¢ —426p¢p3 + 96p? + +18pps — 96pg3s + T8pp3
K increases. Finally, the applicability of the scheme has 18 .5 4 3
S . - . . +96pps — 48p + T P53 — 3605 + 11403
been studied in a realistic multi-satellite network, and it 13602 + 4865
has been shown how the proposed schemes could b Sk
- PP - Pil6s) = —22p° — 33p%ey + 186p* + 86p°3
practically relevant. In the present work, it has bee 102035 + —42p° + 6p2¢3 — 156p202
assumed that all nodes have only one antenna. The more +378§2¢§ 168;; 91%4 i 48p¢?]’? ‘;;)OWQ
- - 3 3 3

general case in Wh|ch nodes have several antgnnas opens 96 + T8p — 267 + 186 — 6603 + 10402
many new possibilities. For example, receivers with 6665 + 12 5
several antennas could employ zero forcing beamforming s (27)

in order to reduce the number of interferers. The multiple
antenna case has not been addressed in this work and is

left for further study. APPENDIXB

MAXIMIZATION OF E[¢x] FORAIA

According to (22),E[¢k] is a polynomial onp. Let
us introduce the auxiliary variable = 1 — p. E[¢ k]
will have the expressiolE|[¢x] = pP(q), where P(q)
is a polynomial ong. The terms inP(q) have degrees
ACKNOWLEDGMENT ranging from1 to (K — 1). Let us assume that the term
with the minimum degree iP(q) has degreé, with
1 <b< K—1. It wil also be assumed thaP(q)

. ) . has a term of degree > b. Now let us define a new
The authors would like to thank the Associate Ed'toﬁolynomiaIR(q) — P(g)+¢" ' — ¢’ — °+¢°+ with k—

and the Anonymous Reviewers for their comments th (R R(q) also complies with the constraints
helped to significantly improve the paper. They woul (20) and (21). Let us define — ¢ — b, wherez € N
also like to thank M. Nikolaus (Universit at Hamburg—andz > 1. We need to prove thak(q) > P(q):
Harburg) for useful discussions. - '

R(q) > P(q)
qb71 _qb _qc+qc+1 >0
qb71 (1 —g- qc—b+1 + qc7b+2) ~0
qb—l (1 —q- qz+1 + qz+2) ~0
APPENDIXA - z
DERIVATION OF THE PDF OF¢s3 ¢ 27(11 i +1(1 ;(11)) Y
¢ ((1-g)(1—¢"h)) >0. (28)

Let us recall that > 1 and% < g < 1.% In this case
b—1 . _ ozt
The pdf of the sum dof is obtained by convolutior!. >0, (1 .q) > 0and(1-¢*") > 0. Therefore, the
. product of this three terms must also be greater than
of the single user pdfs. For three users the expressﬁn il b imized when it h f
obtained forf(¢s) is the following: ence,E[¢x] will be maximized when it has a term o
3 ' degree one. In order to get a term of degree dtie; 2
transmitters must set their transmit delays. A transmitter
remains which can freely set its transmit delay to reduce
f(o3) = a5(¢p3) + 3ab6(p3 — p) + 3ab*5(¢3 — 2p) by one the number opotential interferers at another

+b36(d5 — 3p) + p1(d3) rect(ﬁ receiver. ThereforéE[¢r| is maximized foru; = 1,
b — 32 P bs— 32 Ug—o =1 andqulzK—2
+p2(03) rect(25E ) + pa(0s) rect(ng :
(26) 4Let us remark that the assumption< p < I yields 2 < g < 1.
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APPENDIXC
32" WHEN ALL ELEMENTS OF B TAKE THE SAME
VALUE

-

In this appendix we derive expressions for the sum o
dof when the transmit delays are jointly optimized in the @p<
special case in which all the elements in the normalized
propagation delay matri® take the same value. In a real
application scenario this is the case when the period of Kp-1
the time allocatiory” is much bigger than the differences
among the elements @. This special case is equivalent
to having only one receiver an& transmitters in a
TDMA manner.

Depending on the value gf and K, a distinction

among 3 different cases will be done:

1. p < % In this case, it is possible to set the
transmit delaysA; so that there is no mutual
interference among pairs, as shown in Fig. 11a.
The sum degrees of freedom will kg = Kp

2. &+ < p < %= In this case, no matter how we
set the transmit delays\;, there will be some
interference among pairs, since it is equivalent g
to having a TDMA system in which the sum
of the time allocation to the terminals exceeds
100%, which leads to interference. However it i§ig. 11: Received signal at thi€ receivers, when all ele-
possible to set the transmit delays as shown in Figients inB have the same value. The blocks represent the
11b so that the mutual interference is minimizedransmission from different terminals. Solid blocks rep-
Concretely, it is possible to seh; so that the resent non interfered transmissions, and striped blocks
interference spans over a shdfe— 1 of the time. represent the share of the transmission which gets inter-
Therefore, the portion of time taken by the usefdiered and, therefore, does not contribute to the sum dof.
signals will be¢3%t =1— (Kp—1)=2— Kp. Ithas been assumed that the time slot duratidf is 1.

3. p> ﬁ This last case is similar to the previous
one. Here, it is possible to set the transmit delays
A; as shown in Fig. 11c so that the interferencg3] C. M. Yetis, T. Gou, S. A. Jafar, and A. H. Kayran, “On feilify
spans over a shayeof time. The remaining share of interference alignment in MIMO interference networkEEE

of the time,1 —p is free of interference. Therefore, Trans. Signal Processing, vol. 58, no. 9, pp. 4771-4782, Sep.

==

-

1

©p> 5

Pt =1—p. 2010.
We remark that in all the casesfg’t < 1. As we [4] K. Gomadan, V. R. Cadambe, and S. A. Jafar, “Approaching
mentioned. when all elements iB take_exactly the the capacity of wireless networks through distributedriietence

same value, the system is equivalent to a TDMA setting ~ &gnment,” inProc. 2008 IEEE Global Telecommun. Conf., New
with K transmitters andl single receiver. Obviously =~ ©rleans, Lousiana, USA, Dec. 2008. o
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