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Abstract

In this paper, we consider the problem of the interferenigmalent for thek-user SISO interference
channel (IC) with blind channel state information (CSl)ransmitters. Our achievement contrary to the
traditional K —user interference alignment (IA) scheme has more praatictibns. In this case, every
receiver is equipped with one reconfigurable antenna whiek to place its desired signal in a subspace
which is linearly independent of interference signals. \Wevs that if the channel values are known to
the receivers only, the sum degrees-of-freedom (DoF) ofitiear blind IA (BIA) with reconfigurable
antenna isﬂf{ﬁ, wherer = [@W The result indicates that the optimum sum DoF for
the K—user IC is to achieve the sum DoF bfng . ﬂfﬁ = @ for an asymptotically large
interference network. Thus, the DoF of ti&user IC using reconfigurable antenna grows sublinearly
with the number of the users, whereas it grows linearly in ¢hse where transmitters access to the
CSl. In addition, we propose both achievability and conegymoof so as to show that this is the sum

DoF of linear BIA with the reconfigurable antenna.

Index Terms

Blind CSIT, degrees-of-freedom (DoF), blind interferemdignment (BIA), reconfigurable antenna,

multi-mode switching antenna.

. INTRODUCTION

The new increasing demand for higher data rate communicatiotivates researchers to

introduce new tools to reduce network constrains such agamence in the transmission medium.
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In the network area, due to the high speed of progressinge thee more opportunities for
innovation and creativity to take place. Interference clgr{(IC) due to its important role in
today’s communication systems has been the focus of aiteimtitoday’s wireless networks. The
importance of the problem of finding the capacity of IC is seesial that after point-to-point
communication scenario it is the second problem which wa®daced by Shannon|[1] and
it has many applications in today’s communication netwotlsfortunately finding the exact
capacity of the IC is so hard that it has been open for nealffyaheentury. While finding the
exact capacity of many networks is still open, DoF or capyapie-log can analyze capacity
characteristics of such networks at higNR regions. IA is a new tool and an elegant method
which casts overlap shadows at the unintended receivels tinei desired signals can be decoded
at the intended receivers free of interfererice [[2],[3]. FEf@re, the effect of many interference
signals can be reduced to a single interference signal.]IndJ@dambe and Jafar by the basic
idea of 1A with some constraints show that one can achi@v@oF for the fast fade IC. In the
perfect IA method every transmitter uses precoding matriadich should be suitably selected
to embed all the interference signals into one half of theaigpace at each receiver and leave
the other half without interference for the desired sighidre generally, it means that the aim
of IA is to ensure that at each receiver, all the interferereaches in a signal subspace with
the smallest number of dimensions and then cancels thet effenterference by zero- forcing
or similar methods. Since the IA scheme provided by CadammgeJafar in[[2] is based on
zero-forcing it has some degradation at low SNR regions. @éréormance degradation in 1A
networks at low SNR ratio with the assumption of CSI at traittems was analyzed in_[4], in
this work by the use of antenna-switching, the quality oveer (QoS) at low SNR increases.
Designing such precoding matrices at transmitters regjdirat all the transmitters have perfect
access to channel state information. Unfortunately, ththateof 2], for practical cases where
transmitters do not have access to channel values, failett@my achievement. The CSI was
not the only barrier for implementation of such a method;ltrey precoder size at transmitters
and the high speed of channel changing pattern show funtmgraictical aspects of this method

because such an assumption is too hard to materialize umgepractical channel feedback



scheme.

Due to advantages of IA compared to trivial frequency or tidieision multiple access
methods, there is a lot of attention to the problem of IA witiperfect CSI. Another interesting
approach has developed alignment schemes that do not retadtameous CSIT. As an example,
if the channel coefficients are appropriately correlatéignenent is possible without any CSIT
[5], [6]. But in practical cases where channel behaviors manbe controllable, these methods
fail to have a good performance. Moreover, as a forward siegiudy the impact of the lack of
channel knowledgel, [6] shows that with some constraintderdirect and interference channels,
one can perfectly or imperfectly align interference; iffhafl the interference channel values are
not available at both the transmitters and receivers, omeachieve the sum DoF of— To
combat the effects of imperfect CSI on IA, there are two dfe strategies which are related
to outdated CSIT (delay CSIT) and blind CSI.

1) IA with delay CSIT:In the case of delay CSIT, every transmitter has causal adces
channel state information. As a first step in this regardhaenst in [7], found the DoF rate
region of MISO broadcast channel in the case of delay CSIhe@dly, they show that if a
network consists of a MIMO broadcast channel wifitransmit antennas and receivers where
each one is equipped with 1 receiver antenna, the sum DOIE-_%G—F%% is achievable. There
are several works characterizing the DoF of the IC with thiayksl CSIT. In [8], with the
assumption of delay CSIT, it is shown that the DoF of #kieuser IC can achieve the value of
4/(6 In(2) — 1) =~ 1.266 as K — oo. In this paper, the problem of IA with delay CSIT is not
our objective.

2) 1A with blind CSI: Concerning blind CSI, one basic idea to control channel i
time and utilize partial IA is to use multi-mode switchingtamna at receivers. In this case,
every receiver is equipped with an antenna that can switthdan different reception modes.
The frame work in the case of the reconfigurable antenna isetigd proper precoder and
switching pattern at transmitters and receivers, resgeygtiThe design of precoder at transmitters
is independent of CSI therefore the blind 1A (BIA) schemehwigconfigurable antenna only

requires multi-mode antenna switching at the receiverdchvidoes not need any significant



hardware complexityl [4] and can be easily implemented inatpral system. In [9], [10] for
the MISO broadcast channel the authors show that artificralinipulating the channel itself to
create the opportunities, one can facilitate BIA. They pgeach user with a simple staggered
antenna which can switch between multi-mode receptionspdly the use of reconfigurable
antenna where the broadcast transmitter ugeantennas and each receiver is equipped with
multi-mode antenna switching, the network can achieve time BoF of -~2— M+K ; Which is also
the outer-bound of this channel. The authors in [11] stuayeffect of zero forcing (ZF) on the
method of [9] in a cellular environment as a means for suppgpdownlink Multi-User MIMO
(MU-MIMO) transmission. Therefore [11], uses similar netw to MISO broadcast channel
which was studied before but with specific application in tdedlular environment. In_[12], the
authors try to generalize the MISO broadcast channel lofd9yIitMO broadcast channel with
reconfigurable antenna at receivers.

In [13], change the network for the 3-user IC, Wang showed itnahe case of blind CSI
using a reconfigurable antenna at receivers the sum DoFgwﬁEur goal in this paper is to
generalize the Wang’s work for the caseof-user IC which was previously analyzed by Alaa
and Ismail in[[14]. Alaa and Ismail tried to generalize theFate region of 3-user IC with the
reconfigurable antenna to thié—user IC, but for thek" > 6 our sum DoF is Iarger. We show
that with the aid of reconfigurable antenna at receiversstim DoF ismax., 2 where the
optimum value of- is a function of number of the usefs, which isr = [\/”—4 11 This result
indicates that when the number of the usBtdimits to infinity, the value ofr goes tov/K and
our BIA method can achieve sum DoF égz which is larger than the sum DoF upper-bound
of 2 in [14], thus the sum DoF does not scale linearly with the nemitf usersiK as in the
case when CSI is available, but rather scaeb-linearlywith the number of users. The main
contributions of this work are summarized as follows.

« In all parts of this paper, there is not any knowledge of CShattransmitters.

« All the receivers are equipped with a simple staggered aateswitching. This type of

antenna can have several preset modes and can be perforswiddo among these modes

using micro-electro-mechanical switches (MEMSs) [16].



« Implementing such a structure has a very low cost and is pffc@ent compared to original
IA method.

« We derive an outer-bound on the sum DoF of blind IAAR-user IC, where each receiver
uses staggered antenna switching.

« We derive a novel achievability for the sum DoF which meets auter-bound.

A. Organization

This paper is organized as follows. The next section dessribe system model and we
present the overviews of the main result. In section Il wevéea converse proof for the sum
DoF of K—user IC. In section 1V, by providing achievability, we sholat our outer-bound is
the sum DoF of thek—user IC with reconfigurable antenna at receivers. Also weigeoan

example for more intuition in section IV. Finally, we drawroeonclusions in Section V.

B. Notation

Throughout the paper, boldface lower-case letters standdotors while upper-case letters
show matrices. Th\" indicates transpose operation an the tr{A} is defined to be sum of
elements on the main diagonal of the square matrixX'hespan (A) denotes the space spanned
by the columns of the matriA. The A,,.,, = [B, C] means that the matriA,, ., consisted of
two sub-matricesB,,,,, and C,,,,,,» Wherem = m; + m,. For the vectow = [vy,...,v,]",
the vectorv’ = [v;,...,v,;]" is a sub-vector of ther if {i,...,i+ j} C {1,...,n}. Also the
dim (A) shows the number of dimensions of the mattix The matrix1, andIx are K x K
all one and identity matrices, respectively. For the squaagrix H,,.,,, H = H(1: L), L <n
means thaH’ is a sub-matrix o where it is extracted from the firdt columns and thé. rows
of the H. The operator in the relationA o B represents the Hadamard product between two
matricesA and B with the same sizes. The| and [.] represent floor and ceiling operations,

respectively. Also, for the set, |C| denotes the cardinality of the sét

[l. SYSTEM MODEL

Consider the/X —user IC, in this case each transmitter has one transmittenaa. All the re-

ceivers have one reconfigurable antenna which is realizesbime RF chains as shown in Figure
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Fig. 1. Structure of the two-mode reconfigurable antenndhikstructure every receiver is equipped with two RF chaind

a switch which can select between two different modes.

1 that can switch among/ different preset modes. Each of these RF chains (switchiodes)
can see a channel which is completely independent of thenethahother modes. In other words,
each receiver has one antenna which can switch améuiifferent multi-mode receptions. In this
case, at each time snapshot, each receiver can switch td tmeRF chains to receive its desired
signal from corresponding transmitter and all other trattens as interference signals (see Figure
1). The interference channel consistssftransmitters{TX;}+_, and K receivers{RX;},_,
which can be modeled bys? + 2K tuple (HM HIM,  HEK g K gl §lED),
where(x!Y, ..., xI%1) and (y, ..., §1¥1) are K finite input and output of the channel respectively.
In our model, the input ofl’X,, is represented bg* = [x[lk],....,xﬁf]]T. Similarly the output
of the channel can be represented by column matrigtf= [y, ..., y,*]7. The diagonal
matrix HP9 = diag <[h[”‘ﬂ, plrd hﬁ{’q}D represents channel model and m&fsto received
signal atRX,,. We can assume the received signal at &3¢, is consisted of: time snapshot

channel uses. The received signaRa{, can be represented as follows:
yl = ZH[”‘” +2", pge{l1,2,.. K} (1)

wherey!?! indicates the received signal overchannel uses (time or frequency slotsl/ is the

transmitted signal vector by tH€X, subject to average power constraintSfR, the matrix



z! represents additive white Gaussian noise with unit powed, "? is a diagonal matrix
representing the channel coefficient between 11§, and RX,. The channel matrix can be

written as:
FP = diag (AP 087, ol ), )

where depending on the number of antenna madesand switching pattern of RF chains at

RX,, everyhg.pq},j < n can be selected from a specific set. In other words, we have:
[pq]
hPt e (P (1), nPU(2), ... R0} (3)

Therefore, the channel matrBi»4 is chosen from the sétP? with the cardinality of|H[4| =

M™. In other words the diagonal matrBil*? as a function ofS, can be represented as follows:
HPY = diag([nP7 (S,(1)) APD(S,(2)) ... WD (S,(n))]), (4)

where S, = [S,(1) S,(2) ... Sp(n)] and S,(j) € {1,...,M} shows the switching pattern
matrix atRX,. As an example ifn = 4, M =5, S; = [1,2,2,5] and the number of userk’,
we have:

H"™ = diag ([RM(1), nM(2), BB (2), AE¥(5)]), 1 <k < K. (5)

This switching pattern, for all channels which end in the safestination e.gRX, has the same
effect. We assume that all the channel links &/¢7(5,(j)) between different transceivers are
constant during. channel uses. Therefore, the changing pattern of diffecbatnelsH"? is
under the control of the switching pattern 8f at RX,,. Therefore, any matrices liKH"? and
HI* have the same changing pattern.

In all of the above relationszl? is a vector with the size of x 1 and can be represented as

follows:
dq
xld — Z xEIQ] v d[q] (6)
d=1

whered, is the number of symbols transmitted by th&, overn channel useSz;g’] is the ¢
transmitted symbol anet,;? is ann x 1 transmit beamforming vector for thé” symbol. The

equation of [(6) can be simplified as follows:

xld = vldxlal (7)



T _ _
where X4 = [g;[lq], L ,xg{j] and Vi = [vi’ vi!! .. vifl]. Also, V1 is the precoder matrix at

TX, and vg]] represents one of the basic vectors of the designed preeabdieis transmitter.

A. Degrees of Freedom for thi§—user IC

In the K-user IC using reconfigurable antenna at receivers with pmaver constraint of,

we define the degrees of freedom region as follows[17]:

{(dl,dg,...,dK)eRf:V(wl,...,wK)eRf, (8)

b

whereC(p) € RE indicates the capacity region df —user IC in the case of blind CSI. The

R . R
widy + -+ + wrdk < lim sup | sup (wila(p) + -+ wi Ric(p))
proe R(p)€C(p) log(p)

sum DoF at this network can be defined by the following refatio

K
DoFy, = max (Z di> . (9)
i=1

In the next subsection we express our main result with a €meom all the remaining parts of

this article, we provide some tools to prove this theorem.

B. Overview of the Main Result

In this paper we explore interference alignment for fieuser IC with blind CSI. We provide
both achievability and converse proofs on the sum DoF ofifheuser IC with blind CSI by the
aid of linear interference alignment, which, to the bestwf knowledge, has not been discussed
before. The summary of the results can be expressed by tloeviiog) theorem.

Theorem 1: The sum DoF of th€-user SISO IC with BIA using reconfigurable antenna is

Kr
r2—r+ K>

The term sum DoF can be maximized by setting F”gf{‘ﬂ The result indicates that when

max, r € N, wherer is a design parameter.

the number of users goes to infinity and there is not any indbion at transmitters about CSlI,
the value of sum DoF goes P@ In the next section we show that by setting N as a design
parameter, the sum DoF of the BIA in K-user IC using reconfigle antenna is upper bounded

Kr
by the term="—.




[Il. OUTER BOUND ON THE SuM DOF FOR THEBIA K—USERIC USING STAGGERED

ANTENNA SWITCHING

In this section, we derive an upper bound on the sum DoF ofiiheiser IC with BIA using
staggered antenna switching at the receivers. In all thigsosscof this paper, we assume no CSI
at transmitters, each receiver is equipped with a recordigarantenna withl/ RF chains, and

each transmitter has a conventional antenna.

A. Preliminary definitions and Lemma

Before proving the converse proof of Theorem 1, we startghigion by two definitions and

one lemma.

Definition The basic vector of is aligned with theV iff v € span (V) or v < V.

Let the basic vectors of'X; be chosen from the sétll = {vgi], : ..,vgj} . From Lemma 2
of [13], if two basic vectors of different transmitters exg? andvl’! are aligned at a specific
receiver e.gRX;, since two channel matricdd”! and HV! have the same changing pattern
then we should havel! = avl’l wherea is a scaling factor. Since the scaling factercan
not change the span of a vector, without losing generality can assume: = 1. Therefore,
for all the schemes regarding BIA iR —user interference channel using reconfigurable antenna
at receiver, one should select the basic vectors of differ@ansmitters from a common set. In
other words, in the case of BIA for two transmitters e.gnd?, if VI NV = &, we can not
align any basic vectors of these transmitters at any rexeivéherefore, different transmitters
should choose their basic precoder vectors from the comrebn s

Remark:At RX, the basic vector oH“vld should not be in the span of tHdl V1]
otherwise, the desired signal space is polluted by intenfes of TX,,.

Now consider the set! = {i,...,l,} C {1,...,K} where|£!| = r and1 < t < (¥).
The setf! shows the index of the subset of the transmitters. The fatigemma limits the

selection of joint vectors between different transmittansl is the starting point of our converse

proof.



10

TX set L* RX set !
Fig. 2. In this figure we show transceivers number of the 8et= {i1,ls,...,l-} with the closed circular shape. The
complimentary transceivers out of this circular shape camiodeled by the sdfl, ..., K} — £*. Also there is a connection

among all transmitters and receivers, but to avoid beingreawvaed we show a few of them|[6].

Lemma 1:1f vl9 is aligned with the interference of the- 1 transmittersTX;, j € £ — {q}
atRX,, j' € {1,..., K} — L', it can not be aligned with the interference generated byltKe
atr — 1 receivers of the sef’ — {¢}.

Proof: For a better intuition see Figure 2 and suppose 13§, andTX,, are two arbitrary
transmitters wherey, ¢» € £,. Also theRX,,, ¢; € £ and theRX,,, ¢ € {1,..., K} — L' are

two arbitrary receivers. From the assumption of this lemneacan assume:
Hlaaly ) c Span(ﬂ[q4q3}v[q:s}) ) (10)

From Lemma 2 of [[13], sincdll##! and H%! are diagonal and have the same changing
pattern,v(®l € span(Viel),
(Proof by contradiction.) We take the negation of our lemmd suppose it is true. Assume, to

the contrary, that:
{3¢ € £ : span(H»lvln)) € span(Heelviel) ] (11)
Then, we have:

span(H@nlyinl) span(ﬁ[ngs] (o)) ™! ﬁ[qaqﬂ\‘/[qﬂ) _ (12)
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SinceH!#%! and Hl%%! have the similar changing pattern, we get:
span(vI®!) € span( (Fl#wl) " Hivelviel). (13)
Therefore, since/2) € span(Viel), we have:
dim (V[qfﬂ M (Aol ™! I‘{[%qﬂ\‘ﬂqﬂ) >0, (14)

and finally we get:

dim (I:I[QSQS]V[QS] N ﬁ[qsqg}v[qz}) > 0. (15)

The above relation shows that the desired sigh&l:/Vie! atRX,, has been polluted by the in-
terference ofX,,. Hence by the assumption ¢flg; € £ : span(H%vl#]) € span(HlelViel) L
we have a contradiction. This contradiction shows that tivergassumption is false and the
statement of the lemma is true. So, this completes the proof. [ |

Therefore, every basic vector of each transmitter aligrib witerference generated from- 1
transmitters at’ — r receivers. In other words, % is one of the basic vectors @X,, we
have:

HPdyld < glralyld] (16)
where,(q,¢ € L, ¢ #¢ andp e {1,..., K} — L'

Definition d;;,. ;., @1 # i2 # --- # i, shows the number of dimensions which is occupied

by transmittersTX,,, TX;,,... andTX; at RX,, wherej ¢ {iy,4,...,%,.}. In other words,
Aivig iy = |Niy i VI, iy # g # - # iy

From above definition it is straightforward to show that feel permutation ofi), ... i €

/
T

{i1,149,...,1,} we have:

dirig...i = diiy...ir.- (17)

B. Converse Proof:

The converse proof follows from the following upper boundtba DoF of theK —user inter-

ference channel with BIA. ARX; receiver the interference signal from transmittéps;, , TX,,,...
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and TX; , wherej ¢ {iy,is,...,i.} jointly occupy d;,;, ;. dimensions. In other words, every
shared vectors betweendifferent transmitters’(X;,,TX;,,... andTX;) occupy just only one
dimension atRX,. On the other hand the total number of dimensions at eachvezcs n.

Therefore, at thkRX; we have:

only occupies one dimension gt receiver while it counts times in the termi; +do+- - - +dx-.

Similarly at all the receivers we have:

RXy: ditdytootdg— (=13 Y diyi < innviv € {1, K} — {1}
i1 i

.....

RXp: dp+di+- - tdg— (=1 Y diys <y inyenyip € {1, K} — {2}

RXKI dK+d1++dK—l_(r_1)ZZdz1 _____ ir STL, il,...,ire{l,...,K}—{K}.
R (19)

K K K

KY di—(K—=r)(r=1> > dy i <Kn, ir,....5,€{l,....K}  (20)
=1 i1=1 ir=1
The term(K —r) comes from this fact that;_ -+ > d;y..i,.i; # k consists of “ ") sum-
K-1
mation whiIerf:1 e fozl d;, ..., consists of(f) summation. Therefore, the tergq((lg—) =

Y)

(K — r) comes in to our inequality of (20). In addition, since evemgred dimension e.d.;,

..... ir

has been shared betweerifferent transmitters we have:

K K K
Py ey dy g <> d; (21)
i1=1 ir=1 =1
Therefore from[(20) we have:
K K
(K—r)(r—1)
L < .
K ; d; ; ; d; < Kn (22)
After simplifying (22) we get:
D iy i Kr

: (23)
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thus, the converse proof completed.

In order to find the maximum value of the upper-bound on the fwk, we analyze the

continuous function off (z) = IgﬁiK. The first derivation of this function has just one positive
root of x = v/K which shows that it has just only one extremum point. Alsoaih @asily be
shown that forz > 0 the function f(z) is greater than or equal to zero. Sinfér = 0) = 0
and f(z — oo) — 07. Therefore, the maximum value of th&r) can be calculated by finding

out the minimum value of € N such that:
dir+1)—d(r) <0. (24)

In order to findr to satisfyd(r + 1) — d(r) < 0 condition we have:

B K(r+1) B Kr
d(r+1)_d(r)_(r+1)2—(r+1)+K 2 —r+ K (23)

K+ =r+ K)—Kr((r+1)?*—-(r+1)+K) (26)

- ((r+1)2—(7’+1)+K)(7’2—7’+K)J

=0
B —-K(r*+r—-K)
_£(T+1)2—(T+1)+K)(rz—r—i-K)JSO @7
>0
:>r2—1+§K_17 (28)

Therefore, the minimum value of € N which satisfies above equation #§ = [@W
Thus, for a large number of users, the sum DoF of BIA in fiauser interference channel
approaches“—f. In the following section, we propose an algorithm to sysigoally generate
the antenna switching patterns and the beamforming vestars that th% sum DoF is

achieved.

IV. ACHIEVABLE DOF USING STAGGERED ANTENNA SWITCHING

In the previous section we derived an upper-bound on the saof @ the K —user IC with
blind CSI. As we discussed in the system model, the transmitind the receivers should design

proper beamforming vectors and switching patterns, reésgde to align maximum dimension
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of the interference signals at their receivers. From the&ipus section we found out all the
transmitters should use some shared basic vectors at thesntitters. These basic vectors for

implementation should satisfied following constrains:

« Constrain 1: The shared basic vectorl[p} = oetpr.
at {TX,,,...,TX,,} after being multiplied byH!"™ [ € {1,..., K} — {p1,...,p,},m €
{p1,...,p,} should be aligned at their complimentary receiv&X,,! € {1,..., K} —
{p1,-- o}

« Constrain 2: The shared basic vectmﬁp} =N oo} VIl which is used commonly at

pe{p1;---,

{TX,,,...,TX,. } after being multiplied byH!™ . m € {p;,...,p,} channel matrices

should be linearly independent of each other at their cpaording receiverRX;,[ €

{p1, o}
The first constrain is the reduce the effect of interferengaals at interference paths (1A at
interference paths) and the second constrain is to sepgrafidesired signal or the condition
that the desired signal space can be subtracted from irdade signals space (desired signal

decodability).

Definition Assume that all the rows of the matrikX; . are selected from the set of =
{a'y,...,a'y}, we say that matridA ;. x = [alT, - aLT}T has the maximum distinct rows on

the set ofA if [{a,...,ay} N .A| is maximized.

We design both the precoder matrices and switching pattesnsthe basic matrix of. In other
words, based on matrik one can design proper precoders and switching patternaresnitters

and receivers respectively. The basic maFix {0, 1}"XK has the following form:

FT - A, “e . ,A, BF(I;Q—(T’—I)K)XK (29)
r-1 times
where,n = (71 +r(" ), A = 1gux — Ixxx and B, (—1)x)xx IS @ matrix with (n —
(r — 1)K) rows. Considei is a set with| B3] = (. ), each member of the sé is a vector

with the length of K’ and its members contain exactly — » ones and- zeros. Referring to the

definitions, the matrixB,,_—1)x)xx has the maximum distinct rows on the getAlso 1, x
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is an all-ones square matrix adg ., x is an identity matrix. For instance, in the caselof= 4
andr = 3, the matrixF can be represented as follows (take note- 3 is not the optimum

value for theK = 4):

(001110111100 0]

. 101110110100

FT — (30)
110111010010
(111011100001 |

The matrixF consists ofK” columns wherej®" column of this matrix is expressed ;. We

continue this section by designing beamforming vectorgaatsmitters.

A. Beamforming vectors generation

To design beamforming vectors, we assume all the elemerttsedieamforming vectors are
binary, thUSVg] (7) € {0,1}. In this case all the basic column vectors of the precoderixnat

VPl at TX, are chosen from the following set:

plel — {Fil oF,0..0F

ile{l,...,K}—{p}}. (31)

iR

It means thatV?)| = (X~!) and therefore all the precoder matrices have the size-ofs ) or
equivalently have the size of x (f_‘ll). Thus everyr different transmitter e.gI'xX,,, TX,,, ...

andTX,, has exactly one shared basic vector. In other words we have:

= 1. (32)

Also from (31) and[(32), we can conclude that every shareit vastor among the transmitters
of the setQ = {q¢i, ..., ¢} can be represented as follows:

)ﬂ plal

qeQ

In the next subsection we discuss how to design proper erc@deach receiver.

- {Fqi oF, 0. qu}M) gell,... K}— Q}. (33)



16

B. Antenna Switching Pattern at the Receivers

As it was declared in section I, each receiver is equipped amulti-mode antenna which can
select among/ different receiving paths. Therefore, for the switching@a$S, = [S,(1),...,S,(n)]"
whereS,(j) € {0,..., M —1} we should find prope$, among)/™ different switching patterns
to satisfy alignment constraints. Therefore we define achivig matrixS which is ann x K.
Based on this matrix all the switching patterns at differeaeivers are designed. We define the

matrix S as follows:
ST = [A, A+ 20k, A+ (1 — Dlgew, Bl r 1w - (34)

Now, let S, be the antenna switching pattern aK,. This switching pattern is equal to"

column of the matrixS. In other words if the matriXS is represented as:

S11 S12 ... S1K
S291 S22 ... SoK
S — , (35)
| Sn1 Sn2 ... SpK |

the switching pattern aRX, can be calculated as follows:

1%, (36)

Sp = [Slp, S2py -3 Snp

where s;, indicatesi'" row and p'* column of the matrixS. As it is clear from [[34), all the
elements of the matri$ are in the set of® = {0,...,r — 1}. It shows that in our switching
pattern design we use an antenna With = r different reconfigurable modes. Therefore, in the
designed switching pattern each receiver has been equipjiedsingle antenna with\/ = r

different receiving modes.

C. Analyzing designed precoders at transmitters

Now we must show that all the basic vectors generated at afispieansmitter e.gITX, are
linearly independent. As it is shown ia_(29), the mathixhas a repetitive structure and since

all the basic vectors of the different transmitters gemerdtom Hadamard product of different
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columns of the matrix¥', they also have the same structureFofTherefore, every basic vector

like vl[-q] eVl 1<i< (f_‘ll) can be equivalently expressed bysub-matrices as follows:

T T T
v (vl () ()] @)

9] v Y are similar and have the same sizefofx 1.

e11’ " " ") Yer_11

where all the vectors of the sét
Since the basic vector ouf,[fl]Z = [v{q], . ,’U%}]T, generated from Hadamard product &f— r
column of the matrixAT = (1x.x — IKxK)T, we can conclude that exactly — r elements

of the vectorv,[fl]i are zero and- elements of this vector are ones. Similarly, basic vector of
vg} with the size of(n — (r — 1)K) x 1 generated from Hadamard product of the different
combination of the columns of the matriR. Similar notion can be expressed for the basic

vector okag] = [vk”, . ,U@_(,ﬂ_l)m

]T but with a different result. The following lemma shows
that all generated basic vectors froml(32) at a specific inéttex are linearly independent.
Lemma 2: For all the values of th& and r = [@L all the basic vectors with the
designed algorithm at a specific transmitter €IgK,, are linearly independent.
Proof: ConsiderI'X,, all the basic vectors of this transmitter are chosen froenfoflowing
set:

iR

plel — {Fil oF,o0..0F

ile{l,...,K}—{p}}. (38)

We must show that af'X,, where VPl = {vgp}, .. ,v[”}“)}, all the vectors of ther”, ... and

(5

v[(p}(,l) are linearly independent. Sin@é”i],l <i < (f_‘ll) is a sub-vector of all precoder vectors,

r—1

if we show that all these basic vectors are linearly indepabde can conclude that all the basic

K-1

vectors of the seV?”! are linearly independent. The basic vectorsv@f,l <i< (%

) are
generated from Hadamard product of the columns of the mBix ,_1)x)< - As it is defined
in (29) each row of the matriB,__1)x)xx contains exactly — r ones.

It is completely straight forward to show that for every valof K andr = (@1 the
value of(n — (r —1)K) — (f_‘ll) > (. Since each row of the matri® has exactlyx” — r ones,

K-1

all the basic vectors’E'jl], 1 <4 < (%7)) referring to equation[{29) and{B1), at least have a

nonzero element in the unique position. Therefore, for alues of K andr = [E2E=17 al|

the generatedfk'jl],l <4 < (%)) are linearly independent. Sinoe[é’j,l <q < (%)) are
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the sub-vectors of the basic vectors\df}, 1< < (f_‘ll), all these basic vectors are linearly

independent too. Therefore, the proof was completed. [ |
Lemma 3: For the basic vectors oﬁ‘” =Nyeo Vid 9 = {q,...,q},using switching pattern
S, at RX,,p ¢ Q, the received basic vectors BlP4v!? ¢ € Q at RX, are aligned with each

other.

Proof: The proof was provided by analyzing both nonzero elementhebasic vectovl[‘ﬂ

and the structure of the diagonal matiik»<. Similar to [37), the basic vector of’ ¢ € O

can be represented by thesub-matrices as follows:

Vi — [(ngi)T, () (Vgﬁ)T] ; (39)

T
From [33) and the structure of matri, for the sub-vector of4 — [vé‘f(l), ) ,vLZ}(K)] :
g € Q we have:
val(an) = vl (@) =+ = vdlr) = 1. (40)

It means that the only nonzero elementsvﬁj are its{q:"*, .'", ..., ¢,'"} elements where the
switching patterrS, at RX,, has the value of one. Similarly for the nonzero elemerﬁ%:
[vﬁ‘glu), vl = (r - 1)K)]T e.g.vi(j) = 1 the value ofS,(j + (r — 1)K) is equal to 1.
Therefore, aRX,,p € {1,..., K} — Q all the basic vectors IikerZ[p],p € {p1,...,p } received
by multiplying the constant number df” (1) at RX,. Thus all theHPIv? ¢ € Q and
pe{l,..., K} — Q arrive along the basic vector @fﬁq}. So the proof is completed. [ |
As an example for Lemma 3 and better intuition, consider thectire of F in relation [30),
the following analysis can be applied for different sharedib vectors.
« The shared basic vector amofiX;, TX, and TX3 can be represented as followg &
{1,2,3)):
:{RQ%G{LH¢Q—Q}:{HL (41)

‘(]Vm

qeQ

where:
F,=[111011100001]" (42)

S,=[111011120001]" (43)
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« The shared basic vector amofigX;, TX, and TX, can be represented as folloms &

{1,2,4}):
NV = {Fy| diefr. . - Q) = (7}, (44)
qeQ
where:
Fs=[110111010010]" (45)
S3=1[110111210010]" (46)

« The shared basic vector amoitX;, TX; and TX, can be represented as followg &

{1,3,4}):

qeQ
where:
F,=[101110110100]" (48)
S;=[101112110100]" (49)

« The shared basic vector amoitX,, TX; and TX, can be represented as followg &

{2,3,4}):

qeQ
where:
Fi=[011101111000]" (51)
S;=[011121111000]" (52)

From the above relations the basic vectors of differentstratied can be calculated as follows:

vl =V =B —F,=p11101110000 17, (53)
vil=vil=vi'=F;=[110111010010]", (54)
vil=vll=vll=F,=[101110110100]", (55)

vil=vi=vil=F =011101111000]". (56)
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For the basic vectors ofl! = vi = vI¥l sinceS; =[11101112000 1] the channel

matrix H' = diag ([£1"(1)...p19(0)R1 (1) ... p1(2)R1(0) ... n14(1)]), which can not
change the space spanned by the basic veoﬂﬂr& v?] = v[f’} and these vectors remain align
at RX,. Similar notion can be expressed for other basic vectorsifigreht transmitters and
receivers.

Lemma 4: For the basic vectors of’ = Nyeo V%, @ = {q1, . .., ¢-}, using switching pattern
S, atRX,,p € Q, the received basic vectors EI‘[Pq]vZ[.q], q € Q atRX, are linearly independent.

Proof: The basic vectonvZ[Q] similar to (39) can be represented by the following equation

o= [y ) ()] 67

If we show that alRX,, p € Q, all the P (1 : (r — 1)K) %E})T, . (VL‘IQ)TT,q € Q are
linearly independent, the proof will be accomplished. Iis tbase all the nonzero elements of
[(vfj)T, - (vL?)Tr are in the setgpy,....,p. }, {K+q1,...., K+¢}, ... and{(r —2) K +
Gy, (r—=2)K + ¢.}. Also from (34) all the first(r — 1) K elements of the channels which

are connected to thRX,,p € Q have the following form:
P_I[pq}(l c(r—1)K) =

diag ({h[fq](l), o EO), R (), hgf;‘ﬂl)K(n]) ,

the common received basic vectors franX,,q € Q at RX,,p € Q at least have different

(58)

elements. Therefore, all thHP4(1: (r — 1)KV (1: (r = 1)K), ¢,p € Q are linearly inde-
pendent. So the proof is completed. [ |
In the next section, we show that using the designed swigcairienna pattern and the designed

precoders, th% sum DoF can be achieved.

D. DoF achievability using the proposed switching patterndhe designed precoders

Now we want to show that by the designed precoders the sum Do, = [V A=
is achievable. In our designed precoders every transneie’X has(ff_‘ll) basic vectors. From

Lemma 1 every generated basic vectorlaf; are linearly independent and the total number
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of dimensions used at each transmitter is equa(ﬁgl). The received basic vectors at each

receiver have two different types as follows:

1) The basic vectors which are linearly independent of edbbro

2) The basic vectors which are aligned with each other.

All the transmitted basic vectors which are linearly indegent, because th”qw >0, p,q €
{1,..., K} also remain linearly independent at all the receivers. Ftioenpoint of view of the
RX; and Lemma 3, the basic vectors which are not shared with thie bactors of thel'X;

are aligned with each other at theX;. The number of such basic vectors can be calculated
by countingr different choosable transmitters amofig— 1 transmitters (excepi’X;) which is
equal to(Kr‘l). Also, there are some basic vectors which are shared antbrigansmitter and

all other transmitters. The number of such vectors can bmulzded by counting the number of

r — 1 choosable transmitters amog— 1 ones which is equal tt@"f_‘f). From Lemma 4 such
basic vectors are linearly independent and therefore qce(l’é_‘ll) dimensions atj*" receiver.
Therefore, atRX; the TX; occupies(’f_‘ll) dimensions (desired signal space dimensions) at
its corresponding receiver. Also, we hafie— 1) (f_‘ll) dimensions which are generated by the
basic vectors shared amofigk; and all other transmitters. These basic vectors from Lemma
4 are linearly independent and the total number of dimemssimecupied by such vectors is
(r—=1) (") + (57)) =r(%2]). Therefore the total number of dimensions is equal to surgmin

r(®Z1) and (“7") dimensions which is equal to* ~) + (*'). The number of desired signal

K-1

dimensions atRX; is equal to(r_1

), which means that the total number of desired signal

dimensions atj** user equals t¢* ") from r(*~/
K-1
time slots. Consequently the DoF QEK(lsJ:()Kl) =

r—1

) + (Kr‘l) total dimensions or transmission

for j user can be achievable.

r
r2—r4+K

By the similar method of proof, we can show that all other sraitters can get to,——

DoF and theK —user interference network totally can reach the sum Do%gﬁi—[(, which
meets the upper-bound. Figure 3 shows DoF rate regioli -etiser interference channel using
reconfigurable antenna. The result shows that the proposthoohin [14] traces our method

for 2 < K < 6 and satisfies the sum DoF proposed by Wang in [13].
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Fig. 3. Sum DoF of theK —user interference channel versus different number of teesus.

E. 5-user SISO IC BIA, using reconfigurable antenna

Consider a fully connected 5-user SISO Interference CHafhe maximum achievable sum

DoF in this case can be found by setting- [7”*3]{_1} | k=5 = 2 in the relation~"— which

is equal to% > 1. In this setting every transmitter can send 4 symbols thnolg time slots.

In order to design precoders first of all we demonstrate thiixnR as follows:

0]
H
I
—_ = = = O

—_ = = O

1
1
0
1
1

= O = = =
(e R T e e

0
0
1
1
1

—_ = O = O
[ s B S G S O
S = =) =k O

11
0 0
01
10
11

(e T == T

11
11
00 (59)
0 1
10
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In this case since = 2, the value of the matri§ = F. Also, from (31), we can design all the

(g) = 10 basic vectors at each transmitter as follows:

vil=v=111000100000000]" (60)
vil=vl'=110100010000000]" (61)
vil=vi¥=110010001000000" (62)
vil=vPl=[10001000100000]" (63)
vl =vll=01100000010000]" (64)
vl =vll=01010000001000]" (65)
vl =vll=01001000000100]" (66)
vl =vll=00110000000010]" (67)
vl =vl =0010100000000 1" (68)
vil=vFl =0o0011000000000" (69)

As it was proved in Lemma 2, all the generated basic vectoesaah transmitter are linearly

independent e. gv1 , vz], vg and vE] at TX;. Now we can design the switching pattern at
each receiver. In this case since the optimum value isfequal to 2, every receiver is equipped
with an antenna with two RF chains or switching modes. Tleegfeach receiver during data
reception can switch between its two RF chains. From (34) aveget switching pattern at each

receiver as follows:

S;=[01111000011111" (70)
S,=[10111011100011]" (71)
S;3=[11011101101100]" (72)
Sy=[11101110110101)" (73)

S;=[11110111011010]". (74)
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In this case due to the above switching pattern, RX;, we have the following channel

realization:
H = diag ([hﬁlql(m, rI9y, . R, kB0, . Rl o), (1), . h[llf}(l)]) . (75)

Therefore, the members of the gt!, shows the basic vectors which span the space of the first
receiver:

Sl :{ I:I[ll]V[lﬂ,I:I[m]V?],I:I[H 1] ) = (L [3 ANy 1] CHMy 4] I:I[H]VP,I:I[H]VF]

linearly independent linearly |ndependent linearly |ndependent linearly independent

1:1[12}‘/[22}7I:I[IS]V[;}’1:1[12}‘/1[)’2]’1:1[13}\/[24}’IiI[ll]VLQ]’IjIHS} [5] H[12} [3] H[12] [4]

align align align allgn
vy, B v e L
aﬁan aﬁan

SinceH!', in the time slots of{2, 3,4, 5,10,11,12,14} and {1,6,7,8,9} experiences similar
coefficients ofa[14(1) and h'7(0) respectively, the basic vectorsef i > 1,j # 1 are aligned

with HvY i > 1,5 £ 1. In other words, in this case we have:
dim ([ﬁ“ﬂvﬁﬂ VZU]D — 1, 0> 1,541 (77)

The above relation shows that all the shared generated\@sdiars such a@b , V5 ]} {v3 ,v2 }
{v4 ,v2 } {v3 ,v3]} {v4 ,v3 } and {v4 ,v4 } after being multiplied by channel matrices of
HU j # 1 remain aligned with each other. In this case since the basitors of{v1 ,v[f}}
have the nonzero elements in the time slot§ bf2,6} and the channel model matrix changes
its value between time slots of one and two, b&f!v]' and H'?v” are linearly inde-
pendent. Similarly all other received basic vectors{Bi'v! HISIVEY (EIVI Ay
and {HMWvY, HO5VENY are jointly linearly independent. Therefore, at the firsteiger from
14 dimensions we have four free interference dimensionsthisduser can achieve. DoF.

Similarly we can achievq“z for all other users and totally we géﬁ sum DoF.

V. CONCLUSION

In this paper, we have shown that in theuser SISO interference channel the sum DoF of

the linear BIA using reconfigurable antennanisx, cy % We provide both achievability
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and converse proof for this important problem. A key insighthat each signal dimension from
one user can be aligned with a set of distinct transmittetbeateceivers with complimentary
set. Without channel state information at the transmittéhts result indicates that when the
value of K limits to infinity we can achieve\/z—E compared to the unity achievable DoF of
the orthogonal multiple access schemes. Moreover, in eability sections we proposed an
algorithm to generate the transmit beamforming vectorsartdnna switching patterns utilized
in BIA. We showed that the proposed algorithm can achieve;gkjéJrLK sum DoF for any
K andr = [@W values. Also we show that the termX’— is maximized when the
value ofr € N is equal to [@W By applying both achievability method and converse
proof of this work for the 3-user Interference Channel, wevatd that a sum DoF og which
was obtained previously in_[13] was met. Using designed cwig pattern assumptions has
important hardware implications. For instance, the predoalgorithm operates with low cost
reconfigurable antennas that have onlynodes and there is no need for transmitters to have
access to channel CSI. Also the structure of beamformingor®ads very simple and can be

applicable by activating or deactivating certain symbdl¢ha transmitters.
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