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Abstract—We investigate the problem of secure transmission % 1» H" 1)
over a two-user multi-input multi-output (MIMO) X-channel
with noiseless local feedback and delayed channel state amf
mation (CSI) available at transmitters. The transmitters are M
equipped with M antennas each, and the receivers are equippeﬂ, W, X y
with N antennas each. For this model, we characterize the '"''"12.| 1 !
optimal sum secure degrees of freedom (SDoF) region. We show . : @@
that, in presence of local feedback and delayed CSI, the sum Y i
SDoF region of the MIMO X-channel is same as the SDoF =
region of a two-user MIMO BC with 2M antennas at the :
transmitter and N antennas at each receiver. This result shows
that, upon availability of feedback and delayed CSI, there $ no
performance loss in sum SDoF due to the distributed nature of
the transmitters. Next, we show that this result also holdsfionly My i
global feedback is conveyed to the transmitters. We also study thtg,v21 Was I Y
case in which only local feedback is provided to the transmiers, T T !
i.e., without CSlI, and derive a lower bound on the sum SDoF for ©o X2 Yo @@
this model. Furthermore, we specialize our results to the cse in ! Y
which there are no security constraints. In particular, similar to ;
the setting with security constraints, we show that the opthal !
sum degrees of freedom (sum DoF) region of théM, M, N, N)-
MIMO X-channel is same of the DoF region of a two-user MIMO
BC with 2M antennas at the transmitter and N antennas at each
receiver. We illustrate our results with some numerical exanples. Fig. 1. MIMO X-channel with local feedback and delayed CSthvdecurity

constraints.
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|I. INTRODUCTION

We consider a two-user MIMO X-channel in which each transmitransmitted messages. We concentrate on the case of peefeecy,
ter is equipped with\/ antennas, and each receiver is equipped wifind focus on asymptotic behaviors, captured by the alloveedrs
N antennas. Each transmitter sends information messagestho kslegrees of freedom over this network model. The reader nigy re
receivers. More precisely, Transmitter 1 wants to transngssages t0 [2]-[4] for some other related works.
Wi1 and W12 to Receiver 1 and Receiver 2, respectively. Similarly, The main contributions of this paper can be summarized as
Transmitter 2 wants to transmit messad®s; and Ws, to Receiver follows. First, we characterize the sum SDoF region of the-twer
1 and Receiver 2, respectively. The transmission is sultfedast (M, M, N, N)-MIMO X-channel with local feedback and delayed
fading effects. Also, we make two assumptions, namely 1hea€SI| shown in Figuréll. We show that the sum SDoF region of this
receiver is assumed to have perfect instantaneous knowvlefigs model is same as the SDoF region of a two-user MIMO broadcast
channel coefficients (i.e., CSIR) as well as knowledge ofdtier channel with2A/ transmit antennas anl’ antennas at each receiver
receiver's channel coefficients with one unit delay, and&re is in which delayed CSl is provided to the transmitter. Thisiteshows
a noiseless output and CSI feedback from Receiyér= 1,2, to that, for symmetric antennas configurations, the disteithubature
Transmitters. We will refer to such output feedback as beiogal, of the transmitters does not cause any loss in terms of sunresec
by opposition toglobal feedback which corresponds to each receivefegrees of freedom. The result also emphasizes the ussfubfe
feeding back its output to both transmitters. The consitleredel local output feedback when used in conjunction with delagsi
is shown in Figur&]l. Furthermore, the messages that armel@go in securing the transmission of messages in MIMO-X chanrists
each receiver are meant to be kept secret from the otheweec€hat opposition to in MIMO broadcast channels. That is, for the-trger
is, Receiver 2 wants to capture the pdivi:, W21) of messages that MIMO X-channel, not only local output feedback with delay€8|
are intended for Receiver 1; and so, in addition to that itlegiimate does increase the DoF region as shown in [1], it also inceetise
receiver of the paifW12, Wa2), it also acts as an eavesdropper osecureDoF region of this network model. The coding scheme that
the MIMO multiaccess channel to Receiver 1. Similarly, Remel Wwe use for the proof of the direct part is based on an apprepria
wants to capture the paiiVi2, Wa2) of messages that are intendedextension of that developed by Yare. al. [5] in the context of
for Receiver 2; and so, in addition to that it is a legitimateaiver of Secure transmission over a two-user MIMO BC with delayed CSI
the pair (W11, Wa1), it also acts as an eavesdropper on the MIM@®t the transmitter; and it demonstrates how each transnei{goits
multiaccess channel to Receiver 2. The model that we studybea optimally the available output feedback and delayed CSI.
seen as being that of [1] but with security constraints inegosn the Next, concentrating on the role of output feedback in theeabs



of CSI at the transmitters from a secrecy degrees of freedomherex; € C* is the input vector from Transmitter, i = 1,2,
viewpoint, we study two variations of the model of Figite f. | andH;; € CV*M is the channel matrix connecting Transmitteio
the first model, the transmitters are completely ignoranthef CSI, Receiverj, j = 1, 2. We assume arbitrary stationary fading processes,
but are provided withglobal output feedback. As we mentionedsuch thatHq1[t], H12[t], H21[t] andH22[t] are mutually independent
previously, this output feedback is assumed to be noidglessl is and change independently across time. The noise veeidts €
provided by both receivers to both transmitters. In the séanodel, CV are assumed to be independent and identically distribuiea)(
the transmitters are provided with only local feedback, tlee model white Gaussian, witlz; ~ CN(0, | x) for j = 1, 2. Furthermore, we
of Figure[d but with no delayed CSI at the transmitters. consider average block power constraints on the transwiituts,
For the model with global feedback at the transmitters, wawsh as
that the sum SDoF region is same as the sum SDoF region of n
the model with local feedback and delayed CSI available at th ZE[HX,L-[t]HQ] <nP, for i e {1,2}. @)
transmitters, i.e., the model of Figuré 1. In other terms, etk of =
CSil at the transmitters does not cause any loss in terms ofSdofr ) _ Myl Hiall) )
as long as the transmitters are provided with global outpetltback. For convenience, we letl[t] = |:H21 [l sz[t]} designate the chan-
In this case, each transmitter readily gets the side inftomaor nel state matrix andH’~' = {H[1],...,H[t — 1]} designate the
interference that is available at the unintended receiyembans of collection of channel state matrices for the pést- 1) symbols.
the global feedback; and, therefore, it can align it withitifermation  For convenience, we sét’ = (. We assume that, at each time
that is destined to the intended receiver directly, with eechof any instant¢, the channel state matrik[¢] is full rank almost surely.
CSlI. Also, we denote byyjf1 = {y;[1],...,y,[t — 1]} the collection
For the model in which only local output feedback is provide@f the outputs at Receivej, j = 1,2, over the past(t — 1)
to the transmitters, we establish an inner bound on the sumFSDSYmbols. At each time instant, the past states of the channel
region. This inner bound is in general strictly smaller thiaat of the Ht~! are known to all terminals. However the instantaneous state
model of Figurd1L; and, so, although its optimality is showtyan  (H11[t], H21[t]) are known only to Receiver 1, and the instantaneous
some specific cases, it gives insights about the loss irtloyethe States(Hiz[t], H2:[t]) are known only to Receiver 2. Furthermore,
lack of delayed CSlI at the transmitters. This loss is causethe at each time instant, Receiver 1 feeds back the output vg{tdrto
fact that, unlike the coding schemes that we develop for étng  Transmitter 1, and Receiver 2 feeds back the output vegfor to
with local output feedback and delayed CSI at the transreitamd ~ Transmitter 2.
that with global feedback at the transmitters, for the maudéh only Definition 1: A code for the GaussiaM, M, N, N)-MIMO
local feedback each transmitter can not learn the siderrdtion X-channel with local feedback and delayed CSI consists af tw
that is available at the unintended receiver and which istpivfor ~sequences of stochastic encoders at the transmitters,
the alignment of the interferences in such models. ] t—1_ ~yN(t—1) Mqn
Furthermore, we specialize our results to the case in whiehet (o Wiz x# %y, — A e
are no security constraints. Similar to the setting with usiée {$2e = WarsxWooxH x5 My, (3)
constraints, we show that the optimal sum degrees of free@dom
DoF) region of the(M, M, N, N)-MIMO X-channel is same of the
DoF region of a two-user MIMO BC witl2M antennas at the
transmitter andN antennas at each receiver. Finally, we illustrate
our results with some numerical examples. P11 0 VNP H T XM xHae — Wi

o1 YV H X Hur xHaz — Way
o+ VXM X Har xHay — Wia

where the messagé®i1, Wiz, W21 and Wa, are drawn uniformly
over the setsWii, Wiz, Wha1 and Whs, respectively; and four
decoding functions at the receivers,

Il. SYSTEM MODEL AND DEFINITIONS

We consider a two-use(M, M, N, N) X-channel, as shown

Nn n—1 A

in Figure[d. There are two transmitters and two receiversthBo a2 1 Vo XHTT X Hor XHaz — Waa. (4)
transmitters send messages to both receivers. Transritteants Definition 2: A rate . quadruple
to transmit messagél/;; € Wiy = {1,...,2""11(")} to Receiver (F11(P), Ri2(P), R21(P), R22(P)) is said to be achievable
1, and messag®i2 € W2 = {1,. Qan(P)} to Receiver 2. If there exists a sequence of codes such that,
Similarly, Transmitter 2 wants to transmlt messdye: € Wa1 =

. lim li PrH{Wi; # Wi;|W; =0,V €{L,2 5
{1,...,2"B1 (P o Receiver 1, and messag&#ze € Why = Pl TP Wiy 7 Wig[Wis} (i.d) € {L.2}°. (8)

{1,...,2"F22(P)} to Receiver 2. The messages p@iri1, Wa: ) that Definition 3: A SDoF quadruple(di1, di2, d21, d22) is said to be
is intended to Receiver 1 is meant to be concealed from Rercgjv achievable if there exists a sequence of codes satisfyfptiowing
and the messages pdii1, Wa2) that is intended to Receiver 2 is reliability conditions at both receivers,
meant to be concealed from Receiver 1. lo y
g [Wij(n, P)| - 2

We consider a fast fading model, and assume that each receive Jim liminf nlngP > dij, V (i,]) € {1,2}
knows the perfect instantaneous CSI along with the past €8leo
other receiver. Also, we assume that Receivar= 1, 2, feeds back lgnoo hfls;l)p Pr{W” # Wij Wit =0, ¥(i,5) € {1, 2} ©)
its channel output along with the delayed CSI to Transmittdrhe
outputs received at Receiver 1 and Receiver 2 at each tint@nins

are given by

as well as the perfect secrecy conditions

hm lim sup I(Wi2, Wa2; ¥y, H
P50 psoo nlog P
1lt] = s [6x1 1] + Hia[fxalt] + 224 e Wiy
Yolt] = Har[t]xa[t] + Hoo[t]Xo[t] + 22[t], t=1,...,n (1) P55 mee nlog P

Dy @)



Definition 4: We define the sum secure degrees of freedom region

of the MIMO X-channel with local feedback and delayed CSljachh
we denote bY’glts, as the set of all of all pair&11 +da1, di2+d22)
for all achievable non-negative quadrupl@si1,da1,di2,d22). We
also define the total (sum) secure degrees of freedom as?ﬁﬁ'ch_—
MAX(dy;,doy,dra,des) 11 + d21 + d12 + d22.

Due to space limitation, the results of this paper are eibdined
only or mentioned without proofs. Detailed proofs can benfbuin

6].
[ ]III. Sum SDoF oF (M, M, N, N)-MIMO X- CHANNEL

WITH LOCAL FEEDBACK AND DELAYED CSI

For convenience we define the following quantity that we wike
extensively in the sequel. Let, for given non-negativé, N),

0 if M <N
_ NM(M—N) f
ds(N,N, M) = ey i N<M<2N (8)
2N if M>2N

3

Theorem 1:The sum SDoF regionC3in: of the two-user

(M, M, N, N)-MIMO X-channel with local feedback and delaye

CSil is given by the set of all non-negative paits: +dz1, di2+da2)
satisfying

di11 + do1 di2 + da22 <
- 1
d.(N,N,20M) | min(2M, 2N) =
di1 + da1 di2 + d22
<1 9
min(20,2N) T du(N, N, 20) = ©

for 2M > N; andCepoe = {(0,0)} if 2M < N.

IV. PROOF OFDIRECT PART OF THEOREM[]]

In this section, we provide a description of the coding sahem
that we use for the proof of Theordm 1. This coding scheme ean b
seen as an extension, to the case of non-cooperative oibdistt
transmitters, of that established by Yaegal. [5] in the context of
secure transmission over a two-user MIMO BC with delayed CSI
provided to the transmitter.

In the case in whicl2M > N.,it is enough to prove that the
corner points that are given in Remdrk 1 are achievable gsihe
entire region can then be achieved by time-sharing. Thesaaghility
of each of the two corner pointgl, (N, N, 2M),0) follows by the
coding scheme of [5, Theorem 1], by having the transmittensling
information messages only to one receiver and the othervegce
acting as an eavesdropper. In what follows, we show that tiet p
given by [I0) is achievable. We concentrate on the analyfsibeo
caseN < 2M < 2N.If M > N, it is enough to use the coding
scheme below with each transmitter utilizing of its antennas.

dA. Case 1.N <2M < 2N

The achievability in this case follows by a careful combioat
of Maddah Ali-Tse coding scheme [7] developed for the MIMO
broadcast channel with additional noise injection. Alsowa already
mentioned, it has connections with, and can be seen as amsixie
to the case of distributed transmitters of that developedYagg
et. al. [5] in the context of secure transmission over a two-user
MIMO broadcast channel with delayed CSI at the transmiffée
scheme also extends Tandet al. [1] coding scheme about X-

Proof: The converse proof follows by allowing the transmitters t§hannels without security constraints to the setting wiglerecy.

cooperate and then using the outer bound established irhEgrém

The communication takes place in four phases. For simplafithe

3] in the context of secure transmission over MIMO broadcadhalysis and, in accordance with the degrees of freedomefank,

channels with delayed CSI at the transmitter, by takiiig transmit

we ignore the additive noise impairment.

antennas andV antennas at each receiver. Note that Theorem 3 Bhase 1: Injecting artificial noise

[5] continues to hold if one provides additional feedbactnirthe
receivers to the transmitter. The proof of achievabilitygigen in

Section 1V.

Remark 1:In the case in whicl2M > N, the sum SDoF
region of Theorenl is characterized fully by the three copuénts
(ds(N,N,2M),0), (0,ds(N, N,2M)) and

(di1 + d21,d12 + d22) =
{ (N(QJVI—N) N(2A17N)) it N <M < oN

if 2N <2M

2M ? 2M

(10)
(%, %)

In the first phase, the communication takes placeTin = N?
channel uses. Let; = [ul,...,u)" )T andus = [u},...,ud ™7
denote the artificial noises injected by Transmitter 1 arehImitter
2 respectively. The channel outputs at Receiver 1 and Racéiv

during this phase are given by
i = Eus + F s
i = s + F s

(12)
(13)

where A%} = diag{H[]}:) € CNT*MTy for ¢ = 1,..., Ty,

J
i=1,27=12y® e c’ andyl” € CN"'. During this

Remark 2: The sum SDoF region of Theorelh 1 is same as thshase, each receiver getéT linearly independent equations that
SDoF region of a two-user MIMO BC in which the transmitter ige|ate 2T, u;- and us-variables. At the end of this phase, the

equipped with2M antennas and each receiver is equipped wth
antennas, and delayed CSI is provided to the transmittér{&prem
3]. Therefore, Theorei] 1 shows that there is no performapesih

terms of sum SDoF due to the distributed nature of the traitesrgiin

the MIMO X-channel that we consider. Note that, in particutais

implies that, like the setting with no security constraifitsTheorem
1], the total secure degrees of freedom, defined as in Defi{Hi

and given by

0 if oM < N
SDOFheP!F={ NEM-N)  jf N <oM <N (11)
N if 2M > 2N

is also preserved upon the availability of output feedbauk delayed
CSI at the transmitters, although the latters are distithut

channel output at Receiver i = 1,2, is fed back along with the
past CSI to Transmittet.

Phase 2: Fresh information for Receiver 1

In this phase, the communication takes plac&in= N(2M — N)
channel uses. Both transmitters transmit to Receiver 1 cemtiial
messages that they want to conceal from Receiver 2. To this en
Transmitter 1 sends fresh informatiom = [vi;, ..., v} "2]T along
with a linear combination of the channel outpylf) of Receiver 1
during the first phase; and Transmitter 2 sends only fregirrimdtion

Voi = [v31,...,va 2] intended for Receiver 1, i.e.,

X1 = Vi1 + @1}’51)7 X2 = Va1 (14)
where®,; € CMT2XNT1 js a matrix that is known at all nodes and

whose choice will be specified below. The channel outputshat t



receivers during this phase are given by Phase 4: Interference alignment and decoding
Recall that, at the end of Phase 3, Receiver 1 reqyizds — N)T>

yg) = Hﬁ) (Vi1 + @13’51)) + H§22)V21 (158)  extra equations to successfully decode the sentandva;-symbols,
v =HP (vir + ©:y) + AP vy (15b) and Receiver 2 requird@M — N)T5 extra equations to successfully
decode the sentiz- and vaz-symbols. Also, recall that at the
where H;f) = diag{Hﬁ)[t]}t) € CNT2XMT2 for t = 1,...,T», end of this third phaseboth transmitters can re-construct the side

i=1,2j=12y? eC"™ andy® € CNT2. At the end of information, or interference, equationgl? € CCGM-NT2 and
this phase, the channel output at Receier = 1,2, is fed back y5> € C®M~M7T: that are required by both receivers. In this phase,
along with the delayed CSI to Transmitter both transmitters transmit these equations jointly, akovic.

Since Receiver 1 knows the CEH{?  H!?)) and the channel output The communication takes place ¥ = (2M — N)* channel uses.
ygl) from Phase 1, it subtracts out the contribution yﬁf) from Let

the received signayf) and, thus, obtainsVT: linearly indepen- ~(2) T ~(3) T
; : ; ; I'=o.[ y; ¢ " +®[ ¥ @ ]

dent equations witteMT> vi1- and vop-variables. Thus, Receiver < ~— N ~

1 requires(2M — N)T> extra linearly independent equations to (2M—N)Tp (2N—-2M)T (2M—N)Tp (2N—-2M)T

successfully decode the;;- and vai-symbols that are intended
to it during this phase. Leg{® € CM-MT: denote a set of
(2M — N)T> such linearly independent equations, selected amo
the availableNT; side information equationg'® € CN”> (recall
that2M — N < N in this case). If these equations can be conveyed  x; = [I',..., IM"3],  xg = [IMTVTs  2MTs)

to Receiver 1, they will suffice to help it decode the - and va;- ) ) )

symbols, since the latter already know§’. These equations will At the end of Phase 4, Recelverg} gews equations In2NTs

be transmittedointly by the two transmitters in Phase 4, and ardariables. Since Receiver 1 knovyé_ from f’g;ase 3 as well as the
learned as follows. Transmitter 2 Ieamg), and soyf), directly C_SI, it can subtract Ol_Jt the_ COI‘I'[I’IbuT[IOI’l yﬁ from its r_ecelved

by means of the output feedback from Receiver 2 at the endief ti§ignal to ge:LN(z)T;; qujﬁ?@g;ﬁ\@ variables. Thus, Receiver 1 can
phase. Transmitter 1 leary§”’, and soy®’, by means of output as 'écover they,” € C (25 m(tgrferencg equations. Then, using
well as delayed CSI feedback from Receiver 1 at the end ofePhd8€ Pair of output Vegt)or@’l +¥s ), Receiver 1 first subtracts out
2, as follows. First, Transmitter 1 utilizes the fed backputy(® to the contribution ofy; s and, then, it inverts the resulting)/T;
learn theva;-symbols that are transmitted by Transmitter 2 durinfnearly independent equations relating the SERET: v1:1- andva: -

this phase. This can be accomplished correctly since Trigesma, Symbols. Thus, Receiver 1 successfully decodesvifie and vz, -
which already knows1; and ygl), has also gotten the delayed cspymbols that are intended to it. Receiver 2 performs sm_;imratlons
(flﬁ), ﬁg)) and M < N. Next, Transmitter 1, which also knows © successfully decode thas- andvaz-symbols that are intended to
the delayed CS{H(?, H(?)), reconstructy? as given by[(I5b). 't , ,

Phase 3: Fresh information for Receiver 2 The complete analysis of the secrecy level that is enablethisy
scheme can be found in [6]. Through algebra that we omit here

This phase is similar to Phase 2, with the roles of Transmitte e .
and Transmitter 2, as well as those of Receiver 1 and Recgiverfor Previty, it is shown therein tha2M/ N(2M — N) symbols are

. : A
being swapped. More specifically, the communication takasepin ransmitted securely to each receiver over a total46f” time
T» = N(2M — N) channel uses. Fresh information is sent by botRl©tS: thus yielding the achievability of the sum SDoF pdii; +

transmitters to Receiver 2, and is to be concealed from Recéi da1,diz + d22) = (N(2M — N)/2M,N(2M — N)/2M).

Transmitter 1 transmits fresh information. = [vi,, . .. ,v}lézz]T V. SDOF OF MIMO X- CHANNEL WITH ONLY OUTPUT
21T :
) FEEDBACK

to Receiver 2, and Transmitter 2 transmits = [v3s, . . . , Upy
along with a linear combination of the channel outpéﬂl) at Receiver _ ) )
2 during Phase 1, i.e., In this section, \{ve focus on the. two-user MIMO X-channfel with

only feedback available at transmitters. We study two spemses

X1 = V12, X2 = Va2 + G)zyél) (16) of availability of feedback at transmitters, 1) the case ok each

receiver feeds back its channel output to both transmijttera/hich

MToxXNTy ; : H
where ©, € C*72" 71 is matrix that is known at all nodes andye il refer asglobal feedbackand 2) the case in which Receiver
whose choice will be specified below. The channel outputsndur i, i = 1,2, feeds back its output only to Transmittéri.e., local

this phase are given by

where®; € C?MTXNT2 gndd, ¢ C2MT3XNT2 gre linear combina-
tion matrices that are assumed to be known to all the nodesndu
s phase, the transmitters send

feedback. In both cases, no CSl is provided to the transmitte

yi¥ = H{Pviz + H (vaz + O2y5") (172) A. MIMO X-channel with global feedback

y5) = HY V1o + HSY) (Voo + O2y5") (170) Theorem 2:The sum SDoF region of the two-user

~3) . ©) NTo % T (M, M, N, N)-MIMO X-channel with global output feedback
whereHj;" = diag({H} [t]}s) € CT72*2 for ¢ = 1,....T5, s given by that of Theorer 1.
i=1,27=12y® e C"2 andy{® € CN"2. At the end of Remark 3: The sum SDoF region of the MIMO X-channel with
this phase, the channel output at Receiei = 1,2, is fed back global feedback is same as the sum SDoF region of the MIMO
along with the delayed CSI to Transmitter X-channel with local feedback and delayed CSI. Investigatihe
Similar to Phase 2, at the end of Phase 3 Transmitter 1 ledths coding scheme of the MIMO X-channel with local feedback and
and 50953), directly by means of the output feedback from Receivetelayed CSI of Theoreml 1, it can be seen that the delayed CSI is
1 at the end of this phase. Also, Transmitter 2 Ieayr(lﬁé4 and sojrf’), utilized therein to provide each transmitter with the eopreat (or, side
by means of output as well as delayed CSI feedback from Rexceiinformation) that are heard at the other receiver, whichmistended.
2 at the end of Phase 3. With the availability of global feedback, this informatias readily



[$3]

T T T T
................. Sum SDoF with local feedback and delayed C81,= 2, N = 3

available at each transmitter; and, thus, there is no neednfp CSI
at the transmitters in order to achieve the same sum SDoRaasfth | | ... Sum SDOF with locl feedback and delayed CS1,— 1,V - 1
Theorent{L. 4 °

Sum SDoF with local feedback and delayed C81,= 1, N > 2M | |
Sum DoF with local feedback and delayed CSI,= 1, N > 2M

Sum DoF with local feedback and delayed C8I,= 2, N = 3

B. MIMO X-channel with only local feedback

We now consider the case in which only local feedback is jiexbi
from the receivers to the receivers, i.e., Receiyer = 1,2, feeds
back its output to only Transmitter
For convenience we define the following quantity. Let, foregi non-
negative(M, N),

3 —— SUM DoF with local feedback and delayed CSI,= 4, N = 4

0 if M <N
local _ M?2(M—N) ; ‘
d (N7N7M)* SN2 (M—N)(BM—_N) if N<M<2N 35 4
2N if M>2N

’ (18)

Theorem 3:An inner bound on the sum SDoF region of the tWOrjg 2. Sum SDoF and sum DoF regions of {hel, M, N, N)-X channel
user(M, M, N, N)-MIMO X-channel with local feedback is given with local output feedback and delayed CSlI, for differenteanas configu-

by the set of all non-negative paifdi1 + do1,d12 + d22) satisfying rations.
d11 + da1 di2 + d22 <1
(N, N,2M) ~ min(2M,2N) ~ with 2M antennas and each receiver is equipped Withantennas,
dii 4 dan + di2 4 d22 <1 (19) and delayed CSIT is provided to the transmitter [8, Theorgriifaus,
min(2M,2N) = d9°¥(N, N,2M) ~ similar to Theorenf]l, Theorefd 4 shows that, in the contextmf n
for 2M > N; and C&M = {(0,0)} if 2M < N. security constraints as well, the distributed nature oftthasmitters

Remark 4: The main reason for which the SDoF of the MlMoln the MIMO X-model with a symmetric antenna configuratiorego

X-channel with local feedback is smaller than that in Theofsfor NOt cause any loss in terms of sum degrees of freedom. This@an
the model with local feedback and delayed CSI can be explaise S€€N as a generalization of [1, Theorem 1] in which it is shtvat
follows. Consider the Phase 4 in the coding scheme of Theflrem("€ 0SS is zero from a total degrees of freedom perspective.
Each receiver required/ (2M — N)(2M — N) extra equations to Remark 6: Like for the setting with secrecy constraints, it can
decode the symbols that are intended to it correctly. Ginanthere 2 €asily shown that the sum DoF of thé/, M, N, N)-MIMO
are more equations that need to be transmitted to both m¥setvan <"channel with global output feedback is also given by that o

; ; Theoren{ 4.
the number of available antennas at the transmitters, sdnibeo Figure[2 illustrates the optimal sum SDoF and sum DoF regions

equations need to be sent by both transmitters, i.e., sontheof ¢ (M, M, N, N)-MIMO X-channel with local output feedback
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