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Abstract—In this paper, K bidirectionally communicating node interference signals are within the interference subspace. In
pairs with each node having N antennas and one amplify and contrast to the conventional orthogonal multiplexing schemes
forward relay having R antennas are considered. Each node where every transmitter can use on}y of the total resource,

wants to transmit d data streams to its communication partner. ina interf i t ¢ itt ti
Taking into account that each node can perform self interference USING INt€rierence alignment, every transmitler can u ilize

cancellation, a new scheme calleBair-Aware Interference Align-  Of the total resource [3].

ment is proposed. In this scheme, the transmit precoding matrices  Interference alignment can be performed in the dimensions
and the relay processing matrix are chosen in such a way that of time [3], frequency [4], space [5]-[7] or signal level [8].
at any given receiver all the interfering signals except the self In this paper, we focus on interference alignment in spatial

interference are within the interference subspace and the useful di b In 51=[7] iterati thods t hi interf
signal is in a subspace linearly independent of the interference @'MENSIONS. In [5]-[7], iterative methods to achieve interfer-

subspace. If the number of variables is larger than or equal to €nce alignment have been proposed. The iterative algorithms
the number of constraints in the system, the system is classified converge only if an alignment solution is feasible. In [9]-[11],
as proper, else as improper. Through simulations it is shown the feasibility conditions for interference alignment are derived
that for a proper system @Kd < 2N + R — d), interferences iy yarmg of the numbeN of antennas at each transmitter and

can be perfectly aligned and the useful signals can be decoded . .
interference-free at the receivers. An iterative algorithm to receiver, the numbed of data streams that each transmitter

achieve the interference alignment solution is proposed. Also for wants to transmit and the numbéf of transmitters in the

the proper system fulfilling a certain additional condition, which ~ system. For aK user interference channel, the interference
will be derived in this paper, a closed form solution is proposed. alignment solution is feasible if

Index Terms—Pair-aware interference alignment, two-way re- N > M (2)
laying, signal alignment, channel alignment.
holds [9]-[11]. A closed form solution for interference align-
|. INTRODUCTION ment in spatial dimensions is known only in special cases [12].

NTERFERENCE between communication links is the ma{[1 [12], each node requires at ledst —1)d antennas for the

T : . - closed form solution to be feasible.
jor limiting factor in wireless communication networks, .
. . . . . - According to (1), the number of data streams that can be
especially when the interfering signal is of similar strengt

as the useful signal. Recently, interference alignment [1 ransmitted by each transmitter is limited by the number of

- : ntennas at the transmitters and receivers. A large number o
[3] has been developed as an efficient technique to han w%e slot extensions is needed for each transmitter to be able tc
interferences at high Signal to Noise Ratios (SNRs). In [3

. . 2 N fansmit half of the number of data streams that it can transmit
interference alignment is introduced fo#&user interference . i

. , - in the absence of interference [3]. In [5], for a three user case,
channel, wherd( transmitters want to communicateidirec- . . .
: . . . . . it has been shown that with the help of a relay, two time slot
tionally with their corresponding receivers. The receiver space ; . : .
e . extensions are sufficient to achieve this.
is divided into two subspaces [3], namely, the useful subspace

. . Relay aided interference alignment has been considerec
and the interference subspace. Each of the transmitters chooseﬁ_s]_[ﬂ]' In [13]-[16], the relaying is performed based

its transmit signal such that at each of the receivers, on'(l'% the one-way relaying protocol. In [17], bidirectional

the useful signal is within the useful subspace and all the o Co
communication betweeA communication partners as shown
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In [17], each of the2 K nodes hasV antennas and wants "
to transmit d data streams to its communication partner, FRN /'._K+1
see Figure 1. It is assumed that the numbBerof relay TN S
antennas isR < 2Kd so that the conventional transceive 2 j;»,_ | K+2
zero forcing or decode-and-forward cannot be performed at i|relay
the relay. It has been shown in [17] thBt > Kd antennas . i
are required at the relay to be able to separate the useful ) e AN
signal and the interference signals at the receiving nodes. The g AN
case R = Kd is addressed in [17]. In the first time slot K [~ > 2K
called multiple acces§{MAC) phase, all the nodes transmit
to the relay. The relay receives the sum2dfd data streams. Fig. 1. K user pair relay interference channel
These2Kd data streams cannot be spatially separated in a
Kd-dimensional space. However, the nodes can perform self
interference cancelation and hence, all the nodes transmit th@mplex conjugate transpose operation. We define two sub-
signals to the relay in such a way that at the relay, eagpaces to be linearly independent if no non-zero vector in one
node’s signal subspace aligns with the signal subspace of dishspace can be expressed as a linear combination of the bas
communication partner. This is calleignal alignmenf17]. vectors of the other subspace. L&t and A, denote twoN -
In the second time slot callditoadcasi{BC) phase, each node dimensional subspaces in &dimensional vector spadé’.
designs its receive zero forcing matrix such that the effectivkhe union of the two subspaces is defined as
channel consisting of the channel between the relay and the
node and the receive zero forcing matrix spans the sameéli U Az == {cip1 +capa € W:V p € Ay, Vp2 € Ay
subspace as that of its communication partner. This is called andV ¢y, ¢ € C}.
channel alignmenfl17]. After signal and channel alignment,
there are onlyKd effective data streams anld effective Il. SYSTEM MODEL

channels. The relay witlR = Kd antennas can perform ] _ ]
transceive zero forcing [17]. The nodes require at |é55§1)d Figure 1 shows the multi-user two-way relay network with

antennas to perform signal and channel alignment [17]. AftdF cCOmmunication pairs and one relay. Without loss of gener-
signal alignment and channel alignment followed by transcei@ily: We assume that the nodgeind;j + K for j = 1,..., K

zero forcing, the interferences are aligned perfectly within tHy® communication partners. Each node hasintennas and
ISS at the receivers. the relay hasR antennas. Each of th2K nodes wants to

In this paper, a generalization of [17], i.eR > Kd transmitd data streams to its communication partner, i.e., a
is considered. WherR > Kd, complete signal al_ignment bidirectional communication is assumed. There is no direct
is not necessary and hence, the requirenint> (K+1)d  link between the nodes. The relay and the nodes are assume

2 . .
can be relaxed. In this paper, a novel interference alignméfitOPerate in half duplex mode and to have a transmit power

scheme called Pair-Aware Interference Alignment (PAIA) i§onstraint. The two-way relaying protocol [18] is considered.
proposed. The term Pair-Aware implies that for the process B the first phase called MAC phase, all the nodes transmit
interference alignment, only the inter-pair interference needf3€ir signals to the relay and in the second phase called BC
to be considered. In the PAIA scheme, each node partiaffiase. the relay broadcasts the signals to the nodes.
aligns its signal at the relay with that of its communication L€td;andV;fori=1,...,2K denote the data vector and
partner. However, perfect signal alignment is not necessaf)¢ transmit precoding matrix of nodg respectively. Note
Partial channel alignment followed by transceive zero forcin@t J @ndj + K for j = 1,..., K are used as indices to
is performed to achieve interference alignment in the Be€lentify the communication partners whilgi = 1,..., 2K,
phase. The properness condition [10] is also derived &t used to define quantities for all’ node_s. Let the matrix
the considered system. An iterative algorithm is proposed Hri denote the channel between transmitteand the relay.
achieve the interference alignment solution. Additionally, 4N€ noise at the relay is denoted by the veatgr The
closed form solution is possible in certain cases. The conditiGRMPonents of the noise vectar are assumed to be i.id.
for the applicability of the closed form solution is derived an@®mPlex Gaussian random variables which follow the complex
the closed form solution is given. normal dllstrlbutlon(_ZN(O,a?) with zero mean and variance
The organization of the paper is as follows. The Systeﬁﬁ?. The signal received at the relay in the MAC phase is given

model is introduced in Section Il. In Section lll, the propose@y

pair-aware interference alignment scheme is described. The B 2K HV.d 2
condition for the properness of the system is derived in r= Z i Vidi + 0. (2)
i=1

Section IV. Closed form and iterative algorithms are described
in Section V. Section VI evaluates the performance of the Amplify and Forward relaying is assumed. The BC phase
proposed scheme in terms of the sum rate of the systeim.considered now. LeG denote the linear signal processing
Section VIl concludes the paper. matrix at the relay. Let; denote the noise at nodei =
Throughout this paper, we use lower case letters for scaldrs .., 2K . The components of the noise vectoy are i.i.d.
and lower case bold letters and upper case bold letters fmmplex Gaussian random variables which foll6W (0, o ?).
column vectors and matrices, respectively! denotes the Let the matrixH; denote the channel between the relay and
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nodei. Let n; = H;;Gn, + n; denote the effective noise at
receiveri. The received signal at receivgris

yj = erGHr(j-i-K)VjJrde%»K + erGHerjdj

2K
+H;G) H;Vid; + 1,
AT ALK

for j 1,..., K. The received signal at receivgr+ K
for j 1,..., K can be obtained by interchangingand
j + K in the above equation. In (3), the first and the secor
term of the sum correspond to the useful part and the se
interference, respectively. The third term corresponds to tl
unknown interference. It is assumed that self-interference c
be perfectly canceled at the receiver. LEf' denote the receive S .
filter matrix at receivet, i = 1,...,2K. Then, the estimated RU
data stream at nodg j = 1,..., K, is given by

d; = UYH; GH (4 1) V1 kdjy

in general: IS S RISS

RISS, Z here: IS = RISS

%&bfx"

1S

®)

e

here: span{H, ;} = span{H,;V;}

2K 4 Fig. 2. lllustration of partial signal alignment fak =2, R =3, N =1,
+UYH,GY H,Vd + Uln,. @) andd=1
i=1,
i#j,j+K . . .
A. Partial Signal Alignment

In order to decode the desired signal successfully, the un _ o )
known interference should be within the interference subspace™ the MAC phase, the relay receive space is divided into
and the useful signal subspace should be linearly independ®ip Orthogonal subspaces, namely, the relay receive useful
of the interference subspace. The self interference can beSiPSPaceRUSS of dimension Kd and the relay receive
both the subspaces. The dimension of the useful subspi¥€rference subspack/SS of dimensioniz — K'd. RUSS
should be larger than or equal to the size of the data vecfdfS t© be chosen such that it is possible that each node

d;, k. Then the receive filtetTH can be designed as the zer@ligns its signal with that of its communication partner in the

] . .
forcing filter that suppresses all the unknown interference§USS- In the RISS, the signal alignment does not need

This means that in (4), the following conditions need to b be feasible. This is called partial signal alignment. et
satisfied: denote the projection matrix that projects the received signal

at the relay toRU SS. By this projection operation, the signal

rank (U H;:GHy(j4 1) Vs i) = d, components inRISS are nullified. The signal alignment of

U'H;GH,V; =0  Vi#jj+K. (6) each pair(j,j + K), j = 1,2,..., K within the RUSS is
o0 , represented by

Assuming that the input symbols denoted by the elements
of the vectord,, r are independent and zero mean complex span(T"H,;V;) = span(T"H,(j; k) Vjix) . (8)
Gaussian distributed with variance one, the achievable raterqy jjjystration, let us consider the example = 1,d =
with which nodej + K" can transmit is given by 1,R = 3 and K = 2. In this case, the 3-dimensional relay
receive space and the subspaces and operations mentione
above are visualized in Figure 2. As the nodes have only a
single antenna each, signal alignment in the 3-dimensional
relay receive space is not feasible. However, as shown in
Figure 2, the signals received at the relay can be projected

U

1 -1
Rjik :§|092’I+(U?+KRﬁﬁj+K 1K)

U3y e Hao GHGV; VIHG GUHLG, 0 U ’
)

wherel.| denotes the determinant operation &gy, .. is the
covariance matrix oh ;5. Note that for the receivers+ K

to a properly chosen 2-dimensiong&l/ S'S, such that signal
alignment is achieved. There are also additional variables

for j = 1,..., K, the interference alignment conditions andjiven in Figure 2 which will be described as soon as they

achievable rates are obtained by interchangimgdj + K in
the above equations (4)-(7).

I1l. PAIR-AWARE INTERFERENCEALIGNMENT (PAIA)
SCHEME

In this section, the proposdhir-Aware Interference Align-

are introduced in the later sections in the paper.

Let RUSS; denote thed-dimensional alignment subspace
of the pair(j,j + K) within the RUSS, see also Figure 2.
Then, theRUS'S is given byRU S'S = Uw RUSS;. In order
to be able to separate the useful signal from the interference
at the receiver,RUSS; should be linearly independent of

ment (PAIA) scheme is introduced. The objective of thisule RUSS;.

scheme is to choose the coefficients of the precoding matrice§»;

V; andV, g for j =1,2,..., K and the relay processing ) )

matrix G such that (5) and (6) are satisfied. This is achieved B Partial Channel Alignment

three steps: partial signal alignment, partial channel alignmentAfter partial signal alignment followed by nullifying the
and transceive zero forcing. interferences in thek1SS, there are onlyK d effective data
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streams corresponding to the pair-wise aligned signals of tdeectly applied for the BC phase by replacing the matrix
K pairs. In the BC phase, th&d effective data streams T by the matrixQ, the precoding matrices by the receive

are transmitted such that at each of the receivers, all thero forcing matrices and the MAC channel matrices by the
interference signals are within the interference subspace arairesponding BC channel matrices.

the useful signal is within the useful subspace. This is achieved

through partial channel alignment and transceive zero forcing. IV. PROPERNESSCONDITION

Partial channel alignment is dual to partial signal alignment In this section, the properness condition for the proposed

and is explalneg n tne following. . PAIA scheme is derived. In [10], the properness condition
Let Fyr = (U7'H;r)" denote the effective channel between, 5 - ser interference channel is derived by counting the
the rglay and receivej. Consider the pau(],g. + K). Thg number M, of variables and the numbe¥/; of constraints
effective channels of these two nodes are said to be pair-wiseiha system. IfM, > Mo, then the system is considered
aligned if they span the same subspace at the relay. Similaratg proper, otherwise as improper. This method of counting

partial signal alignment in the MAC phase, now, the transmj;/[v and M, is applied to the proposed PAIA method in the
signal space of the relay is divided into two orthogonqbnowing subsections

subspaces: the relay_transmit useful subspaLEs'S and a Properness is not a sufficient condition for the feasibility
common relay transmﬂmterfgrence SUbSPAESS. Thef,(d', of the system and there exist proper systems that are no
dimensional subspacgU S is chosen such that pair-wisefeagiple [19]. However, the intuition is that proper systems

channel alignment is possible in tHeUS.S. However, the g jikely to be feasible [10]. In [10], Bernstein's Theorem

components within th&15.S do not need to align pair-wise. is used to verify if the proper systems are feasible by cal-

, Let Q denote the projection matri>.( that projects the tra,msmgulating the mixed volume of the polynomials. However, the
signal at the relay t@°'USS. Then inTUSS, the effective constraint of (8) for the partial signal alignment problem is

channels of partner nodes align pair-wise. This is given bya system of polynomial equations with correlated coefficients
Hir o)) — H _ H and hence, applying Bernstein’'s Theorem, the mixed volume

span((U] H'”Q) ) Span((U]+KH(J+K)rQ) ) ®) of the polynomials gives only an upper bound on the number

for j = 1,2,..., K. Each of the partner noddg,j + K) of solutions [10]. In Section VI, through simulation results on

chooses its receive zero forcing matrix such that the effectitiee leakage interference at the receivers it will be shown that in

channel aligns with the effective channel of its communicatiopur considered multi-user two-way relay networks, typically,

partner within theT’USS. The alignment subspace of eactproper systems are also feasible.

pair (4,7 + K) should be linearly independent of the union

of the useful subspaces of all the other pairs so that a zeto NumberM, of Variables

forcing filter can be designed for each of the node pairs. In this subsection, we count the numbe, of variables in

) ) the system. There are two kinds of variables in the system.

C. Transceive Zero Forcing M, denotes the number of variables corresponding to the

After partial channel alignment followed by a projectionantennas at the nodes amfl, denotes the number of variables
onto the subspace orthogonal to tHESS, the effective corresponding to the antennas at the relay. Each nodévhas
channel of each node spans the same subspace as the effeatitennas and transmiiglata streams. The precoding matrix at
channel of its communication partner. Hence, zero forcing theach node is of siz& x d. Hence,Nd variables are available
effective channel of one node by the relay forces also the each precoding matrix. In order to be able to decodedithe
one of its communication partner to zero. In the BC phasdata streams, it is necessary thatolumns of the precoding
there arel{ d effective data streams and there &fd effective matrix are linearly independent of each othtt.variables are
channels. As th@USS is of dimensionKd, transceive zero required to make the columns of the precoding matrix linearly
forcing can be performed at the relay. L€ts denote the independent. Hencg,N — d)d free variables are available.
transceive zero forcing matrix at the relay. Then the relay other words, choosing édimensional subspace in aw-

processing matridG is given by dimensional space results [V — d)d free variables. There
G — QG.T". (10) are2K nodes in the system, this leads to
Myn = 2K (N —d)d. (11)

After partial signal and channel alignment and transceive
zero forcing, there will be no unknown interference at the Inthe R-dimensional relay receive spaceia-dimensional
receivers and thel data streams of the desired signal willsubspace has to be reserved for the useful signals. Hénee,
be linearly independent of each other, i.e., (5) and (6) ai€d dimensions are left for th&15S. Choosing a subspace
satisfied. of dimensionk — Kd in an R-dimensional space results in

Partial signal alignment and partial channel alignment af&? — Kd)(R — (R — Kd)) = (R — Kd)Kd free variables.
dual problems. As can be seen from (8) and (9), partial sign@iven the R1SS, the RUSS is uniquely defined. Each of
alignment and partial channel alignment are bilinear problentise communication pairs can choosedtslimensional useful
with the same number of variables and equations. Henaggnal space within thig(d-dimensionalRU S'S. Choosing a
for the consideration of the properness condition and for thedimensional subspace infad-dimensional subspace results
algorithms described in this paper, only the MAC phase wilh (K d—d)d free variables. There ai€ pairs, hencek (K d—
be considered. These algorithms for the MAC phase can bl free variables in choosing the subspadd$Ss; within
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RUSS. The RUSS; of the node pair(j, j + K) should be hence, a closed form solution is possible. Ofités known,
linearly independent of the subspace spanned by the uniontbé precoding matrice¥ ; and V. x can be calculated in
the useful subspaces of all the other node pairs. It will bdosed form.
described in Section V that the choice ®USS; depends on  In the following, some notations and definitions which
the channel matrices corresponding to the paij + K). As are needed for the algorithm description are introduced in
the channel matrices of the pdif, j + K) are assumed to be Section V-A. In Section V-B, the problem of partial signal
independent of those of all the other pairs, the probability eflignment is reformulated so that the calculatiorTofecomes
two pairs choosing the sanfel/'S\S; is zero. This leads to  a problem of finding the subspadelSsS intersecting with
2 several subspaces. An iterative algorithm and a closed form

My = (R = Kd)Kd + K(K —1)d". (12) solution to find theRISS are proposed in Section V-C, where

With this, the total number of variables is given by the condition for the applicability of the closed form solution

, is also derived. After finding the?lSS and henceT, the
My = Mun+My = 2K(N—d)d+(R_Kd)Kd+K(K—12§3') precoding matrices of all nodes are obtained in Section V-D.

B. NumberM. of Constraints A. Notations and definitions

Now we count the number of constraints in the system. |, this subsection, we introduce the definition of the inter-
The constraints consider that the data streams transmittedd\ttion of two subspaces and the method to find the inter-
each node pair shall be within its useful subspace at the relgyction subspace. The dimension of the intersection subspac

or within the common interference subspace, but not in the gerived. Also an extension to the intersection subspace of
useful subspace of the other pairs as described in Section many subspaces is given.

Now, consider one of thé data streams transmitted by node Let A, and A,
J- RISSis of dimensioni— Kd and RUSS; is of dimension 5 gimensional spaceV. The intersection of the two
d. Hence, the considered data stream from npddould be subspacesl; and 4, is defined as
within the (R — Kd) + d-dimensional subspace formed by
RISS and RUSS;. This introducesk — ((R — Kd) +d) = AiNAy={qeW:qe A, andqe A;}.  (16)
(K —1)d constraints in the system. There atelata streams
per node an@K” nodes in the system. Hence, the number qgf, the following, if we say that two subspaces do not intersect,
constraints in the system is given by we mean that their intersection subspace is of dimension 0.
M = 2K (K — 1)d2. (14) Let the columns of the matrices; andA rep_resent the basis
vectors of the subspaces; and A, respectively. LetX be
- a matrix of sizeF x I with 0 < I < F. For an arbitrary
C. Properness Condition choice of X with rank I, the productA ;X gives a basis for
For a proper system, the number of variables should fa® 7-dimensional subspace withif;. Let A;X; and A, X5
greater than or equal to the number of constraints in the systel@note two bases for the intersection subspace A,. Then
i.e., M, > M.,. This leads to

2(N —d) + R+d > 2Kd. (15)

Eq. (15) implies that when two antennas are added to tM&1ereX, andX, are F’ x I matrices of rankl, with I being
relay, one antenna can be removed from each of fienodes the d|men5|9n of the intersection sqbspace. If the span of two
and the system will still be proper. The feasibility condition§UPspaces is equal, then any basis for one subspace is als
derived in [20] and [17] are special cases of (15). In case 8f basis for the other subspace. Hence, we can choose base
N = d, (15) becomesk > (2K — 1)d, which is the condition SUch thatA;X; = A,X,. Therefore,

for pair-aware transceive zero forcing [20]. In caselbi= X

Kd, (15) becomesV > (KJFTl)d, which is the condition for (A1 —Ay) ( Xl > =0. (18)
perfect signal alignment [17]. 2

denote two F-dimensional subspaces in

A1 NAy = Span{Ale} = span{A2X2} s (17)

The dimension of the null space of the matfiA; — A,)
V. PROPOSEDPAIA ALGORITHM gives the dimension of the intersection subspace and is giver
In this section, an iterative algorithm and a closed fordy I > 2F — R. In this paper, the subspaces; and A,
solution to obtain partial signal alignment are proposed. iare defined by the matrices denoting the channel between the
order to achieve partial signal alignment, the matridgs transmitter and receiver nodes. As the channel coefficients
V;, andV,;x have to be chosen such that (8) is satisfiedpetween different nodes are uncorrelated, with a probability
First, T is chosen such that signal alignment given by (8) igf one, the dimension of the intersection subspace is given
feasible. Findingr is a bilinear problem. An iterative methodby I = 2F' — R. In general, the intersection df such F-
is proposed to find the solution. If the relays and the nod&émnensional subspaces;, As, ..., Ax results in an intersec-
have certain numbers of antennas higher than the minimudin subspacel; N Ay ... N Ak of dimension
required numbers of antennas given by (15), then the problem
of finding T can be reformulated into a linear problem and, Ix =KF— (K -1)R. (19)
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B. Reformulation of Partial Signal Alignment or some of theK similarity measures will be smaller than

In this section, we reformulate the partial signal alignmerft before convergence of the iterative algorithm. Secondly,
problem (8). Note thaR1.SS uniquely determineRUSS and, N iteration stepm, we find a new(R — Kd)-dimensional
hence, uniquely determinéB. Therefore, our objective is to subspaceRISS™ such that the sum of théd similarity
chooseRISS in such a way that signal alignment given by (8yneasures o RISS{™ RISS(™) for j = 1,2,...,K is
is feasible. For the communication partnéjsj + K), let 5,; Maximized. These two operations are repeated iteratively. As
andSy(; 4 k) represent two subspaces spanned by the columifiséach iteration, the sum of t?g) similarity measures is
of the channel matricesI,; and H,, k), respectively. Let maximized, the subspace®/SS;"" j = 1,2,...,K and
S; = SrjUSi(j+x)- In our example in Figure 2, we havé =  RISS™ will move in such directions that for increasing,

2 node pairs withV = 1 and their corresponding subspacas all R[SS](.m), j=1,2,..., K will finally be d-dimensional
andsS, are shown by the two vertical planes. In genesglfor subspaces aR7.SS(™) and the sum of the similarity measures
j=1,2,..., K are2N-dimensional subspaces and the signalgill converge to the value<d.

of the node pairgj, j + K) span a2d-dimensional subspace Now we will give the mathematical description of the
in S;. The RUSS; corresponding to this pair is of dimensioniterative algorithm. Let the columns of the unitary matfix

d. Hence, to make sure that the signals from this pair do ngt size R x 2N denote a basis af’;. SinceRISS](.’”) C S,

interfere with the signals frqm the othe_zr palrSlemensmns there exists a unitary matriX ™ of size2V x d and rankd,
of the subspace corresponding to the signal received from this J

pair should be within the?l/S'S; and the othet! dimensions SUCh that the columns of the produ{ X" give a basis of
should be within theR7SS. This means that th&ISS has RISS!™. Let the columns of the unitary matri&(™ of size
to be chosen such that the intersection subspace betsigen? x (R — Kd) denote a basis oRISS™)., Initially, Z©) is
and RISS is at leastd-dimensional. This needs to hold forchosen to be an arbitrafy? — K d)-dimensional subspace. In
each pair(j,j + K) with 5 = 1,2,.... K. In Figure 2, the the m™ iteration step, the sum of the squares of the Frobenius
dimension ofRISS is R— Kd = d = 1 and, henceRISS is norms of the projection onXE.m) on Z(™~1) is denoted by
directly obtained as the intersection subspace betugesnd X

S>. However, in generaRSS is of dimensionk — Kd > d (m,1) ._ (MHgH (m—1)7(m—1)Hg ~ (m)

and the subspaceS; for j = 1,2,..., K do not need to b .—;trace(xj S;Z Z S;X; )
intersect with each other. Onli2/S'S needs to intersect with (20)
each of theX” subspaces’;. Thus, the problem of determining For Z("~1) determined in thém — 1) iteration sterﬁ.m)
T that makes (8) feasible is reformulated as the problem @fhich maximizes (20) is given by

finding RISS that has at least d-dimensional intersection

subspace with each of the subspasggor j = 1,2,..., K. X,§m) = Amaxd (S;'Z(m_l)z(m_l)HSj) ; (21)

) whereAmaxq(-) represents the matrix containing as its columns

C. RISS - Relay Receive Interference Subspace the eigenvectors corresponding to the fidstargest eigen-

Iterative Method: For the iterative method, we intro- values of the matrix within the brackets [21]. Using the
duce the following terminology. LefRISS; denote thed- identity trac¢ AB) = tracg BA), the sum of the similarity
dimensional intersection subspace betw&di$S and.S; for measures o(RISS](.m),RISS("U) for j = 1,2,...,K can
j=1,2,..., K. Thus,RISS; is ad-dimensional subspace ofpe written as
both RISS and S, i.e., RISS; C RISS andRISS; C S;.
Furthermore, the square of the Frobenius norm of the Pro-,(m.2) _ trace| Z(™H
jection of the orthonormal basis vectors of a subspdce f
on a subspaceB is termed similarity measure of4, B). ! (22)
This similarity measure ofA, B) is inversely related to the Next, for givenX '™, the Z(™ that maximizes (22) is given
minimum principal angle between the subspacesind B. |, /
Assume that the dimension of is smaller than or equal to

-

() (mIHGHY Z(m
(sx{mx(mrs) Z0m

J

that of B. If A C B, then the similarity measure takes its K (m) < (M)H H

maximum value, which is equal to the dimension 4f In zm = Amax, (R— K d) Zija‘ X; S (23)
this case, the minimum principal angle betweérand B is J=1

zero. [21]. (21) and (23) are repeated iteratively until convergence.

The basic idea of the iterative method for findiRgSS is  Finally, the span of the matri% givesRISS. RISS uniquely

the following. Initially, we arbitrarily choose ai? — Kd)- determines the matri€ and T can be calculated a¥ =
dimensional subspadel SS9, Then, in iteration stepr, first  pull (ZH)_

we find a numbel of d-dimensional subspacé%ISSJ(.m) c As S;X, and Z are unitary matrices, the sum of tHe

S;, for j =1,2,..., K, such that thei similarity measures similarity measures is upper boundedyl. In each iteration

of (RISSJ(.m),RISS(’”—U) for j = 1,2,..., K are maxi- step, the sum of th& similarity measures is maximized and,
mized. This is equivalent to maximizing the sum of the hence, the algorithm converges. However, due to the non-
similarity measures. Note that15s ™ forj =1,2,...,K concave nature of the problem, convergence to the global
is chosen as @-dimensional subspace f;, but in general maximum cannot be guaranteed. From the simulations, it is
is not yet ad-dimensional subspace dt/SS("~1 so all observed that iteratively optimizing(§m) and Z(™) using
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(21) and (23), the value of the objective function typicallyof groups. This means, only g =54 | d)-dimensional sub-
converges td<d and, hence, the algorithm convergedtbSS space of theRISS will be considered to guarantee an
andRISS;. at least d-dimensional intersection subspace with each of

Closed Form Solution:In this section, the closed form so-the K subspacesS; for j = 1,2,...,K. The remaining
lution to find theR1SS and the condition for the applicability ((R — Kd) — (LR‘TMJ Kd))-dimensional subspace of the
of the closed form solution are derived. RISS will be arbitrarily chosen.

For illustration, consider the example in Figure 2 with= Remark 3:If K is not an integer multiple ofi, then the
2,N =1,R = 3, andd = 1. In this example,RISS is of arbitrarily chosen disjoint groups will have a different number
dimensionR — Kd =d =1 and RISS should have al =1 of subspaces and not the same numkigr
dimensional intersection with each of th& = 2 dimensional
subspaces; andSs,. Hence,RISS can be found directly by

- . ) D. Precoding Matrices
determining the intersection ¢f; andSs. ] ] ) )
In general,RISS can be of dimensio®® — Kd > d. For In Section V-C, theRISS has been determined either in

simplicity of the following notation, assum& — Kd is an closed form or through the iterative method. In this section,
integer multiple ofd, say R — Kd = nd, n € N, and K the precoding matrice¥ ; and 'V, x are obtained in closed

is an integer multiple of., say K = Kon, K, € IN. For an form. In Figure 2,N = d = 1 and hence, the projection of
RISS of dimensionR — Kd > d, it is not necessary that the received signals on thBUSS results in partial signal

all the K subspacess; for j = 1,2,..., K have a common alignment. However, in gene_ral, t_he prec_oding matrices_need
d-dimensional intersection subspace. Our task is to fifitia {0 be chosen such that partial signal alignment is achieved.
Kd = nd dimensionalR]S S that has at least &dimensional Consider the node paitj,j + K). The RI1.5S calculated in

intersection subspace with each of tiesubspaces; for j = the subsection V-C has an at Iealsdimensio(nda)ll intersection
1,2,..., K. In this section, we propose one possible approagibspace with the subspacg. Let RISS;” denote an
to achieve this. First we split up th€ subspaces; for j = arbitraryd-dimensional subspace in the intersection subspace.

1,2,..., K into n disjoint groups withi’, = £ subspaces in Recollect from Section V-B tha$; = Sr; U Si(jy k).
each group. The: disjoint groups can be formed arbitrarily. Now we need to choose @dimensional subspace from
With (19), the dimension of the intersection subspace of afii @nd ad-dimensional subspace frofy;., i) such that the
the K, subspaces of a certain group is given by K, — correspondin@d-dimensional subspace i; includes thed-
(Ko — 1)R. In the following, we want to guarantee that thedimensional intersection subspaBéSSﬁ.d). Let the columns
intersection subspace of all thé, subspaces of a group is atof the matrixZ; of size R x d span the intersection subspace
leastd-dimensional, and to this purpose the condition RISS§d) C (RISSNS;). The columns of the matrices
H,;V,; andH, . V1 x span thel-dimensional subspaces
2NKo— (Ko~ )R 2 d 24 chosen frorrSr(jJ;n()JIS,](ﬁK), respectively. Then the subspace
has to hold. Forr = 1,2,...n, we define IS(Td) as an spanned by the columns ({Herj H,(j+K)Vj+K] has to
arbitrary d-dimensional subspace of the intersection of all theontainZ;. This can be written as
Ky subspaces in the corresponding greuprhen theRISS

can be found as the union of dl5® for r = 1,2,...n, i.e., Z; = HijVj + Hj1 k) Vjik. (27)

Since by designRISSj(d) C (Srj USij+k)), the above
equation has a unique solution for a givétiSS;® and
choosing a differenRISSEd) C RISS; will result in another
solution. In addition, the nodgsand;j+ K can transmit in any
direction spanned by the columns of the ma¥ix andV 4,
respectively. The direction can be chosen such that some utility
unction is maximized and this optimization is left for future
work.

RISS = | J 15\, (25
T=1
By its construction, thisRISS is guaranteed to have an
at leastd-dimensional intersection with each; for j =
1,2,...,K. For theRISS to have ad-dimensional intersec-
tion subspace with each of thE subspaces, (24) needs t
be true for all then groups. Hence, multiplying (24) on both
sides withn leads to the condition

2NK — (K —n)R > nd. (26) V1. PERFORMANCEANALYSIS

Note that (26) is more strict than (15) and hence, the closedIn this section, the sum rate performance of the PAIA
form solution is possible only if the nodes and/or the relayscheme is compared with a conventional multi-user two-way
have more antennas than required by the properness conditielaying scheme based on [20]. Also, the leakage interference
(15). at the receiver is plotted to show that the proposed methods
Remark 1:Note that for the cas®& — Kd = d, there is only converge to interference alignment solutions.
a single group, i.e.pn = 1. In this case, both (26) and the Let P denote the transmit power at each of the nodes. The
properness condition of (15) yield the same resuN,+d > relay has a transmit powek P. The noise power at each
R. Therefore, for the cas&® — Kd = d, the closed form node is assumed to be the same and is denoted by=
solution is possible whenever the system is proper. In thi§ = o2. The channel matrices corresponding to the channel
case, the properness condition is also a sufficient conditiorbetween the nodes and the relay are generated randomly usin
Remark 2:If R — Kd is not an integer multiple of, then the i.i.d. frequency flat Rayleigh MIMO Channel Model [22]
one approach is to form only an integer numb[e@F‘d—de and channel reciprocity is assumed. The channel matrices are
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TABLE |
SIMULATION SCENARIOS 120 T T
—6— PAIA_B
[ Scenario Namg d | R [ N | K | 1001 [ - -o - pairAwarezF_B o
A 1 5 2 4 —— PAIA_A
B 1] 9 3 7 B | - -* - pairAwareZF_A
c 210 4| 4 2 : :
D 21255 o
E 3[17] 5| 4 g
1S
>
@ aop i BT

“““““““““““““““““““““

normalized such that the average received power is the same as
the average transmit power. Five different simulation scenarios . _ ; ; ;
are considered as shown in Table I. 0 10 20 30 40 50
. . P/o?indB
In scenario A,R = 5 and N = 2. According to (15),
at mostK = 4 pairs can be served interference-free. Fromg 3. sum rate performance fdr= 1
(26), the closed form solution for PAIA is possible. In the
reference scheme, using the idea of pair-wise transceive zero
forcing [20], at most three pairs can be served at the same time.
The multiple antennas at the nodes are utilized to transmit
the data streams in the direction corresponding to the largest
singular value. Time Division Multiple Access (TDMA) is
assumed between different sets of pairs in order to serve all
the four pairs. Figure 3 shows the sum rate performance as
a function of P/o2. It can be seen that the proposed PAIA
(PAIA_A) scheme performs better than the reference scheme
(pairAwareZEA) at high SNR. This is due to the fact that
the PAIA scheme utilizes the antennas at the relay and at the
nodes to maximize the number of transmitted data streams and
does not care about the useful signal power in/#iesS.s. In
the reference scheme, the multiple antennas at the transmitters
are used to maximize the received signal power and, hence,ribt. 4. Sum rate performance far> 1
performs better at low SNR.
In scenario B,N = 3 and R = 9. According to (15),
at most K = 7 pairs can be served interference-free. Thand DoF+2 represent the cases when 1 and 2 additiona
closed form solution cannot be determined, as this scenadata streams, respectively, are transmitted per channel use
does not satisfy (26). The iterative method proposed in Sectidhe iterative scheme proposed in this paper is used for the
V-C can be used to find the interference alignment solutiosimulation. Note that the number of non-zero eigen-values in
In the reference scheme, only five user pairs can be servath step of the iterative scheme is limited by the dimension
interference-free and TDMA is assumed between different setf R1S5S. Hence, if the number of data streams transmitted
of node pairs in order to serve all the seven pairs. Figurel® any of the node pairs is increased to a value which is larger
shows that the PAIA scheme performs better than the refereriban the dimension aRI.S.S, then the least squares solutions
scheme at high SNR. for (8) and (9) are used for the additional data streams. Figure
In Figure 4, three different scenarios C, D and E for thé shows that for the case DoF+0, the leakage power is zero.
cased > 1 are considered. 8, 10 and 12 DoF (total numbdsy increasing the number of data streams per channel use
of interference free data streams transmitted per time slot) dng 1 or 2, the leakage interference at the receiver increases
achieved in the scenarios C, D and E, respectively. One c&his shows that the properness of the system typically is the
clearly see in Figure 4 that at high SNR values, the slogaifficient condition for partial signal alignment.
of the curves corresponds to the DoF achieved. Till 40 dB,
the achieved sum rate of PAIA is better than that of the VIl. CONCLUSION
PAIA_E. This is due to the fact that the nodes have a total In this paper, a new scheme called Pair-Aware Interference
transmit power constraint. Hence, an overall transmit powailignment (PAIA) has been proposed to achieve interference
of 5P is available for transmitting 10 data streams in case afignment in a multi-user two-way relay network. Taking
PAIA_D, whereas an overall transmit power4d? is available into account that each node can cancel its self-interference
for transmitting 12 data streams in case of PAEA perfectly, the interference alignment is done in three steps,
Figure 5 shows the normalized leakage interference poweamely, partial signal alignment and partial channel alignment
at the receiver versus the total number of data streams fotlowed by transceive zero forcing. The condition for the
all the five scenarios. This way of displaying the result iproperness of the syste?id < 2(N — d) + R+ d has been
the same as in [10]. On the abscissa, DoF+0 correspordgived. An iterative method to achieve the interference align-
to the maximum DoF achievable as defined by (15). DoF+hent solution has been proposed. B&N — (K —n)R > nd,

=
N
(=}

—A—— PAIA E
—&—— PAIA D

——&—— PAAC | s S

=
o
(=]

2]
(=)

IN
<)

Sum rate in bits per channel use
D
(=]

N
(=)

20 30 40 50
P/o%indB
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19}

g 1 : : [12]
= —%— PAIA_A : :

% —o— PAIA_B

o 0.8H

9] —&— PAIA_C [13]
g —&6— PAIA_D

Z o6l —A—PAAE

g g [14]
o

o

3

3 [15]
8

R 4

B [16]
=

8 G N N

& DoF+0 DoF+1 DoF+2 [17]

Total number of transmitted data streams

Fig. 5. Ratio of received interference power to total received power [18]

also a closed form solution is given. Through simulations, E%Q]
has been shown that the properness condition typically gives
the sufficient condition for PAIA. It is also shown that the20!
proposed PAIA scheme outperforms conventional schemes at
high SNR. [21]
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