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Abstract—This work® deals with interference alignment (IA) investigated the scenario of TXs having access to outdated

in a K-users MIMO interference channel with only incom- CSIT [7], [8]. But there again, imperfect CSIT is assumed to
plete Channel State Information at the Transmitters (CSIT). be perfectly shared across all TXs.

Incompleteness of CSIT is defined by the perfect knowledge of . .
only a submatrix of the global channel matrix. Additionally, In this work we introduce another CSIT framework whereby

each Transmitter (TX) may have different incomplete CSIT. the TXs have limited CSIT sharing capability. Given an
Most IA techniques are developed under a full (complete) MIMO IC, the termincomplete CSIT is coined, which refers
CSIT assumption -either explicitly or implicitly when the CSI  tg g sjtuation in which each of the TXs acquires, through
is_progressively acquired in the form of RX-to-TX feedback 5, arpitrary feedback and exchange mechanism left to be

iterations. In contrast, we are interested here in the feasibility i . g -
of IA based only on incomplete CSIT. We show that even in specified, a subset of the multi-user channel coefficients in

antenna settings where no extra-antenna is available in terms of an unquantized form. Hence, the fading coefficients which
feasibility of IA, perfect IA can be achieved when some TXs do are available at a given TX are known perfectly, while the
not have the complete CSIT. Especially, for each antenna setting, remaining coefficients are completely unknown at that TX. In

we provide a sufficient incomplete CSIT sharing and we adapt IA general, different TXs will be provided with different ses
algorithms from the literature to achieve perfect IA under this '
of the global CSIT.

condition of incomplete CSIT. We confirm by simulations that
the proposed IA algorithm based on incomplete CSIT achieves ~Our main contributions read as follows. Firstly, we show
no significant losses compared to the algorithm based on perfect that IA can be achieved without full CSIT at all TXs, i.e.,
CSIT sharing. with a strictly incomplete CSIT allocation, and we provide
a sufficient criterion for testing the feasibility of incohepe
o ] ] ) ) CSIT. Secondly, we develop an algorithm returning an incom-
One of the critical issues with multi-transmitter coord& jete CSIT allocation preserving IA feasibility and we adap
transmission in general, and with IA in particular, is thetfa o, |z algorithm from the literature to that incomplete CSIT
that coordination benefits go at the expense of acquiring’CSgetting_ Only the sketchs of the proofs are given and more
and sharing it across all TXs [1]. In the case of multi-an®nryetails are available in the extended version 9.
based IA, CSIT acquisition and sharing is exploited to compu

the precoders at each one of the TXs and can result in a Il. SYSTEM MODEL
significant overhead in practice. o

The study of how CSIT requirements in IA methods caft: Transmission Model
somehow be alleviated has become an active research topic iVe study the transmission inZg-user MIMO IC where alll
its own right [2]-[5]. Several approaches have been praposghe RXs and the TXs are linked by a wireless channel. We
in this direction. One strategy consists in developingatige consider a conventional model for the MIMO static IC [10]
methods that can exploit local measurements made by the Twigh the particularity of our model lying in the structure of
on the reverse link or progressive feedback mechanisms [le CSIT since we consider that each TX hasoitgy CSIT
Such methods rely on the fact that, through iterations, ghouin the form of a submatrix of the multi-user channel matrix.
CSIT is acquired to allow convergence in a distributed mannghis specific information structure is referred in this page
toward a global IA solution. Another line of work consists inncomplete CST and will be detailed in Subsection II-B. TX
studying the minimal CSI quantization bits (scaling with SNRis equipped with)M; antennas, RX has N; antennas, and
that should be conveyed to the TXs to achieve the maxintBk j transmitsd; streams to RX;. This IC is then denoted
Degree-of-Freedom (DoF) obtained with IA [4], [6]. In suchas [, (My, Ny, dy). As a first step, we focus exclusively
works, it should be noted however that each one of the Tx$ this work on the single stream transmission for all users s
is assumed to be provided with treame quantized CSIT, thatVvk € {1,..., K}, d;, = 1. Consequently, we use the short
resulting in a perfect CSIT sharing. Alternatively, authbave notation Hszl(Mk’ Np).

. , In this work, we consider that there are no single-antenna

This work has been performed in the framework of the Europeseareh

project ARTIST4G, which is partly funded by the European d&snunder its RX and no Sing_'?'amenna TX. This hypothesis is done to
FP7 ICT Objective 1.1 - The Network of the Future. make the exposition more clear but does not represent any
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real limitation. This restriction is removed in the exteddeusersZ;, we then haveH (@) = Hz, with Hz, having its only
version [9]. nonzero elements set to verify '

The channel from TXj to RX i is represented by the T T
channel matrixH,; € CV:*M; with its elements distributed Vi # j, (E%X) Hz, (EK) = (E%X) H (E}f) (4)
according to a generic distribution [11]. The global multi-

user channel matrix is denoted B € CNwtxMewor where with 0y
K K = y )
Niot = Zk:1 Ny, and My, = Ek:l M;y,: ETX & Ek:]:lAZ;{kXM" )
(2 i
H11 H12 NN H1K Ozf:ﬂrl My x M;

H21 H22 “ e H2K
H=2 . . . . (1) andthe matrixER* defined similarly, solely withV; replacing
' ' ' ' M;. Upon definingk = {1,...,K}, TX j receives the
Hir Hgz ... Hgx complete CSI ifH() = Hy and no CSI ifH() = H,.

TX i uses the beamformer € CM:*1 to transmit the data

symbol s; (i.i.d. CN(0,1)) to RX i. We consider the per- C. CIT-Sts ) ) o
TX power constraintyi € {1,...,K},|t|> = P which The CSIT allocations will be shown later in this work to
corresponds to the TXs being non-colocated. The receive@ increasing by inclusion. Consequently, we define a new
signaly; € CNi¥1 at thei-th RX reads then as representation of the CSIT allocation to better represkeat t
K structure in the CSIT sharing. Thus, we define @@ T-set
T o ‘ as a subset of users correspondings to the CSIT allocation at
Y = Hatis + _ ;ﬁH”tﬁj i 2) some TXs. Thus, the CSIT-seffy™" are defined so that
J=L37F .

andn; € CVi*1 is the normalized Gaussian noise at RXnd Vke{l,...,K},3,HY) = Host (6)

is i.i.d. CN(0,1). Tne recleiyved signgy; is then processed by 54 gefiningng; as the number of CSIT-sets, the CSIT-sets
a Rx beamformey;’ € C'* ™. are indexed to verify

Our analysis deals with the achieveability of IA which
means that at each RX the desired signal should be decoded Yk € {1,...,ncs1 — 1}, S5 € SPEL. 7)
free of interference. Equivalently, this means that the R . _— . . . G) _ .
beamformerg;4 should be able to zero force (ZF) the interfer-érom this definition, if TX;j receivesH') = Hz, then it

: i i Csl
ence from all TXs. This is expressed at RXy fulfilling for beII?Phgsé%?I!I thte CSIT .s,e'skt\k/]vhlgglv_rernﬁ/I %I;IS{CJ) : b
all interfering streams; with j # ¢ the |A constraints: € "S€IS are given, the allocatl can be

obtained by settingd(?) = Hgcs: wherek is the smallest
g; Hijt; = 0. (3) index for which; belongs taSC3!.

Thus, A is feasible if the constraints (3) can be achieved Therefore, determining the CSIT aIIocatior{H(J)}j Is

i ini CsI
at all the RXs for all the interfering streams. Note that thigquwalent to determining the CSIT-sefs;™ }x. The CSIT

is equivalent to having the dimension of the interferenﬁlocaﬂon algorithm derived in Section IV will use the CSIT
subspace at each RXlower or equal thanV; — 1. sets

B. Incomplete CSIT Model D. Feasibility Results
We focus in this work on the feasibility of IA with in- We start by recalling some results from the literature on the

complete CSIT allocation at the TXs. Each TX is assumed g2asibility of IA in conventional IC with full CSIT sharingof

receive using an unspecified feedback mechanism a fractR}gle stream transmissions.

of the fuI_I multi-user channe_l matrix vv_|tho_ut any error. We d Theorem 1. [12] IA is feasible in the IC Hf:l(Mme) if

not consider here any practical quantization scheme butdut gng only if

works could exploit the large literature on CSI quantizatio

on top of the approach developed here. Z (M —1) + Z (N;=1)>|Z|,YvIC T (8)
Under this model, a given channel element is either peyfectl k:(k.j)eT J:(k,j)€T

known by a TX or not at all. More specifically, we restrict . h 7 2 {(i,j)]1 <i,j < K,i # j}. In the homogeneous

ourselves to a CSIT sharing scheme where each TX receiyes Ko O .
. . . > .
the CSI relative to the fading coefficiertstween a subset of 1€ (M, N)*, this condition reads simply as M + N > K +1

users. This restriction on the structure of the CSIT simplifies

greatly the exposition and we will show later on that it islwel This theorem can be understood intuitively as the condition

adapted to the structure of the IA algorithms. that each subset of IA equations needs to contain at least as
We denote byH") the channel estimate at TX defined many variables as constraints but the rigorous proof in [42]

such that{H)},; = {H},; if the channel element is knownbased on algebraic geometry arguments.

at TX j and otherwise{HU)}ij = (0. More specifically, let us  Note that our interest lies on the incomplete CSIT alloca-

assume that TX receives the CSI relative to the subset dfion, not on the feasibility problem in itself. Consequgntl



we assume in the following that the IC considered aveays B. Feasibility of 1A with Incomplete CST
feasible with full CSIT sharing. Hence, the conditions (8 a

o We will now state one of the main results on the feasibility
always verified.

of 1A under incomplete CSIT allocation.

E. Interference Alignment Algorithm K ) )
Theorem 2. In the IC [],_, (Nk, My), there exist a strictly

We will use for the simulations a simple generalization %complete CSIT allocation preserving IA feasibility if there
the original max-SINR algorithm [2] where the noise and thg,; o strictly included subset of users Z;c; such that
strength of the direct signal are taken into account in the

optimization to improve the performance at_ finite SNR. Yet, z N; + M; = |Tic| (|Tic| + 1) . (11)
this corresponds only to one possible choice and any other
IA algorithm from the vast literature on IA algorithms could
be used instead without any change for our approach. This
precoding scheme is based on the maximization of the per- Proof: If equation (11) is verified, the subset of usérgs
stream SINR, iteratively between the TX side and the RX sid@rms itself a tightly-feasible IC included in the originahe.
We recall briefly the main steps for the sake of completengéleed, equation (11) can be seen to corresponds to the
and we refer to [2] for more details. The algorithm is baseprticular choice of set§ = (Zic, Zic) in (8). The relation
on the introduction of a reciprocal network where the roldd1) is fulfilled with equality meaning that the number of
of the TXs and the RXs are exchanged. In that reciprocgguations is the same as the number of variables. Hence, the
network, the RX beamformer becomes the TX beamformeptimization of the TX beamformers and the RX beamformers
and the TX beamformer is used as RX beamformer while tig&@n be made without taking into account the users outside the
power constraint of the TX is transferred to the RX. set without reducing the feasibility of IA in the total IC.m
Thus, in a first step, the TX beamformers are considered Interpretation: In a tightly-feasible IC, 1A is possible

as being fixed and the RX beamformers are updated to theith incomplete CSI if and only if all the TX beamformers
optimal value maximizing the per-stream SINR: are not inter-dependent. Otherwise, each TX requireslglear

K —1 to know the CSIT at all the other TXs which implies having
(INi +Zj:1,j;éiHijtjt?H:'}) Hit; the complete CSIT. This occurs without reducing IA unfeksib
P hen L VP (9) only if each TX and each RX can exploit all its ZF capabilities
| (IN'i+Zj:1,j7£iHijtjtj Hij) Hiiti This means letting TX align its interference ad/; —1 RXs
In a second step, the RX beamformers are fixed and fRd letting RX: ZF an interference subspace of dimension
transmission is considered in the reciprocal network s¢ thil —1. This is achieved if the subset of chosen forming the
it corresponds to fixed TX beamformers and we can apply tﬁ@aller IC inside VYhICh the beamformers are optimized forms
same approach as for the first step and obtain: itself a tightly-feasible IC.

—-1
(IMi +Z§<:1,j¢iH?j,gjg?Hji) Hflg; IV. 1A A LGORITHM WITH INCOMPLETECSIT
— VP. (10) ALLOCATION

(T 4505 M 00! H: ) Higy
_ ISR ) e _ In this section, we build upon Theorem 2 to provide an IA
This process is repeated until convergence or a maximg@horithm requiring in some settings a strictly incomple€®l

1€T1c

Vlagl =

Vi, t; =

number of steps is reached. allocation. We first provide a CSlI allocation algorithm krefo
I1l. | NTERFERENCEALIGNMENT WITH INCOMPLETE Showing how the max-SINR [A algorithm can be adapted to
CSIT this incomplete CSIT allocation.

A. Tightly-feasible Settings Al lete CSIT Allocation Alorith
In this work, we consider only settings where the number neomplete ocation Algorithm

of antennas available at the TXs and the RXs is the minimal This algorithm takes as input the antenna configuration and
one which allows for IA to be feasible. returns thencs; CSIT-setsSSS! (equivalent to the knowledge

iong HOY.
Definition 1. An IC T[X_, (N, My) is called tightly-feasiple °f 118 CSIT allocationd H'7j;).

if removing one antenna at any TX or RX makes |A unfeasible. Lﬂltla|]:2atlt0n2 F'rStE” thg gs?rs aretr(? rd%? d bg ;ﬂcrigfmg
An IC is tightly-feasible if and only if S5 N + M, = Number of antennas shared between the 14 and e R4, 1.e.,

K(K +1). with the permutatiorvic verifying

The characterization follows directly from the feasililit Vi = {1,...,K—1}, Noyo(5)+ Moo (i) < Nowo (1) + Moo (1) -
conditions (8). In terms of feasibility of IA under incompde (12)
CSIT, the tightly-feasible setting corresponds to the woase We definek = 0 and a subset of uset$ which we initialize
since additional antenna cannot reduce the feasibilitycamd with the 3 users having the smallest number of antennas, i.e.,
even potentially be used to reduce the CSIT requirements. As
an example, no CSIT is required if every RX h&santennas. S ={o1c(1),01c(2), 01c(3) }- (13)



Update at step n: If equation (11) is verified with the From the set of TX and RX beamformers computed based on
setS, then we updaté = k£ + 1 and we set its own CSIT-set, TX; can extract its TX beamformer and
CST implement it. It is then possible to show the following resul
Lo =3S. (14)

Proposition 1. The IA algorithm with incomplete CST de-
If |SF5 = K, the algorithm has reached its end and Wecribed in Subsection IV-B achieves IA.

setngsy = k. Otherwise, the sef is updated as . .
Proof: The proof is based on the fact that settings the

S={S,01c(|S|+ 1)} (15) beamformers inside a tightly-feasible set does not rediee t
feasibility if all the beamformers are optimized at the same
and the step + 1 starts. time. In our case, this is not the case since the precoding is

distributed at the TXs but each TX starts by computing the
_ ) _ beamformers of the TXs inside smaller tightly-feasiblesset
We have developed an algorithm to disseminate the CSf{ys ensuring the coherency of the precoding between the TXs

B. Precoding with Incomplete CST

and we will now provide a precoding algorithm exploiting u
this CSIT allocation to achieve IA. As a first step, we start

by defining a modified IA max-SINR algorithm to allow for V. EXAMPLE AND SYMBOLIC REPRESENTATION
computation of only a subset of the beamformers. In the following, we study an example to gain insight into

1) 1A Algorithm for Effective Channels: Hence, the mod- how the algorithm works in practice. We take as example the
ified 1A function fuoed(e) has for main difference with the IC (2,2).(2,2).(2,2), (4,5).(4,5) which will be verified later
conventional max-SINR algorithm that a subset of the T¥n to be tightly-feasible. Applying our algorithm returriet
beamformers and the RX beamformers are already fixed amg CSIT-sets
taken as input parameter so that the resulting effectivaratla
is considergd. P ’ SPP={1,2,3}, &% ={1.2:3,4,5}. (19)

Indeed, our modified IA function takes as input argument a The first 3 users can be seen to form an homogeneous
channel matridHo, € C*o**o and a set of pairs of RX and tightly-feasible setting with/ = 2, N = 2, andK = 3. These
TX beamformersBi, = (g;, ), and provides as outputs the3 TXs run the max-SINR IA algorithm without taking into
set of pairs of RX and TX beamformeBs.: = (g:, t:);>1. The account the users and5. Indeed, the ZF capabilities of these
set Bj, contains the pairs of RX and TX beamformer whiclysers are already completely consumed by the interference
have already been fixed. This means that the effective chanfgainagement inside this smaller IC.
created by these choices has to be considered. In contrasfhe algorithm continues by using the effective channel
Boyt contains thefot RX beamformers an& ot beamformers created by the beamformers implemented at3Hist users.
associated witfHo,.. Consequently, it is clear th#ii, C Bou  In fact, after consideration of the IA constraints at RK<2,

The IA function fuoq can be defined based on any lAand 3, TXs 4 and 5 do have have any ZF possibilities left.
algorithm f;5 from the literature and we use in the simulationhus, TX 4, resp. TX5, simply fills the last dimension left
the max-SINR algorithm recalled in Subsection II-E. Thgee for the interference at RX, resp. RX4.

IA algorithm fia is simply applied on the effective channel To verify intuitively how the precoding works, we introduce
obtained once the RX beamformers and the TX beamformerssymbolic representation of the IA scheme in Fig. 1. We
of the users insidé;, are fixed as given in input. Thereforerepresent the dimensions available at RXy an array of
we can write N; boxes. The first box on the right represents the dimension
Bout = fmod(Hout, Bin)- (16) taken by the signal while the other boxes represent the dimen
] ) sions left free for the interference, i.e., the ZF capdbgitat

2) IéASIAIgon_thm with Incomplete CST. Let the CSIT- ho Rx. For each RX, another box indicates if a TX precodes
setsS, > be given and let us consider the precoding atjTX 5 signal to align with the interference subspace, thuatirg
with the incomplete CSITH') = Hgesi. If k; = 1 (TX j no additional dimension of interference. If this is not the
belongs to the set of TXs which has the most incomplete CSthse, the transmission from this TX creates a dimension of

TX j simply computes its precoder as interference at the RX considered. This is symbolized by
filling one box at this RX meaning that this stream generates
Bi = fwod(Hsest, Bo) - (= fra(Hsgsr))- (A7) one dimension of interference at that RX.

In fact, the TX computes at the same time the beamformers of this symbolic representation, the precoding scheme

all the TXs having the same incomplete CSIT, i.e. assatiat@chieves IA if the number of interfering dimensions at a RX
with the same CSIT-set. ' ’ can be contained in the boxes represented at the RX while

fpifilling that each TX fulfills a number of IA constraint
Waller or equal than its number of antennas. Note that this
reépresentation is symbolic and does not take into account
the beamformer actually used. Yet, it allows to verify the
Vn=1{2,...,k;},B, = f(Hsost, Bn_1). (18) feasibility of IA and to visualize the steps of the 1A algbuit.

If k; > 1, TX j computes iteratively the beamformers an
the RX beamformers associated with the CSIT-sets smaller
inclusion than its own CSIT-set.
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We can see from Fig. 1 that each RX can receive itsg. 2. Average rate per user in terms of the SNR for the tigfethsible
transmitted signal free of interference whilst TXs2, and3 C (2,2).(2,2).(3,3).(3,3).(5,5).(6,6).(7, 7).
fulfill 1A constraints solely inside the smaller IC formed
by these3 users and thus require only this incomplete o i . . .
CSIT. Furthermore, for allj, TX j align its interference at 'S &/S0 shown there how it is possible in the settings with
M;—1 RXs, and for alli, the interference subspace at RX extra-antennas, called supfer-fea5|ble, to exploit thqiladdgl
spansN; —1 dimensions. Thus, this symbolic representatioﬂntennas to reduce the size of the CSIT allocation. Finally,

confirms that our IA scheme achieves IA based on the strict{f!l known results on the analysis of the quantization sehem
incomplete CSIT allocation provided. could be applied in the fu.ture to evaluate more accurataly th
amount of feedback required.
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