arXiv:1011.3867v1 [cs.IT] 17 Nov 2010

Interference Alignment Through User Cooperation
for Two-cell MIMO Interfering Broadcast Channels

Wonjae Shin, Namyoon Lee, Jong-Bu Lim, Changyong Shin, aywahihun Jang

Communication Laboratory, Samsung Advanced Instituteesfhfiology
Samsung Electronics Co., Ltd., Yongin-Si, Gyeonggi-Dord€446-712
Email: {wonjae.shin, namyoon.lee, jongbu.lim, c.y.shin, khjg@gamsung.com

Abstract—This paper focuses on two-cell multiple-input
multiple-output (MIMO) Gaussian interfering broadcast chan-
nels (MIMO-IFBC) with K cooperating users on the cell-
boundary of each BS. It corresponds to a downlink scenario
for cellular networks with two base stations (BSs), andk users - U U e
equipped with Wi-Fi interfaces enabling to cooperate among <( )>>> <( ))))
users on a peer-to-peer basis. In this scenario, we propos user

' Base Station

. . . .. cooneration
a novel interference alignment (IA) technique exploiting ser i.e. Wi—Fil
cooperation. Our proposed algorithm obtains the achievals Base Station U
degrees of freedom (DoF) o2K when each BS and user have
M = K + 1 transmit antennas and N = K receive antennas,
respectively. Furthermore, the algorithm requires only a snall
amount of channel feedback information with the aid of the
user cooperation channels. The simulations demonstrate & not
only are the analytical results valid, but the achievable D& of
our proposed algorithm also outperforms those of conventioal
techniques.

Index Terms—Interference Alignment, User Cooperation,
MIMO Interfering Broadcast Channels

Fig. 1. Two-cell MIMO Interfering Broadcast Channels (MIMBBC) with
cooperating users.

in the two-cell MIMO-IFBC. In [10] and[[I11], a precoding
scheme called the subspace interference alignment (I1A) for
the MIMO-IFBC was introduced by appropriately exploiting
To increase system capacity for next generation celli the concept of the original IA in_[6]-]8]. The subspace IA
systems (e.g..[1].12]), interference mitigation methedsh as is composed of two cascaded precoders. The first precoder
network multiple-input multiple-output (MIMO) and cookdi is to put ICI vectors on a multi-dimensional subspace. The
nated multipoint transmission and reception (CoMP) hawmb second procoder is constructed so that the IUI vectors lie
actively discussed for the multi-cell and multi-user dowkl on the subspace spanned by the ICI vectors. Consequently,
transmission. Specifically, considering the case that eask the signal space occupied by the IUI vectors is aligned with
station (BS) sends two independent messages to two diffe the signal space spanned by the ICI vectors, which increases
users in the cell it covers, respectively, we note that emem the subspace dimension for desired signal vectors esfyecial
suffers from the inter-user interference (IUl) and theiitell in the symmetric antenna case. In addition, it is noted that
interference (ICI). To mitigate those interferences effety this technique requires the same amount of feedback as a
in the case, a simple coordinated zero-forcing (ZF) scherdenventional single cell multi-user MIMO system.
was proposed in_[4]. This scheme reduces both ICI and IUI Furthermore, since the Wi-Fi and the cellular network are
simultaneously in the multiple-input single-output iffeging rapidly converging for future wireless communication syss
broadcast channels (MISO-IFBC). Since this scheme consj@}, it will be possible to cooperate among users in cellular
ered a user with a single antenna, it only designed the tridnssystems by exploiting Wi-Fi links. For instance, an upcaognin
beamforming vectors to remove both IUI and ICI. In additiorspecification from the Wi-Fi Alliance, the Wi-Fi peer-togre
it was shown that the coordinated ZF scheme achieves {Bg will support a new way for user terminals equipped
optimal degrees of freedom (DoF) on that channel throug¥ith the Wi-Fi to enable to make direct connections to one
the converse argument. Ihl[5], the coordinated ZF scherarother quickly and conveniently. In general, collabonati
for the MIMO-IFBC was extended by taking multiple receivdevels of user cooperative links could be classified into two
antennas into account. Furthermore, it was showrin [5] thedtegories: received-signal forwarding and channel state
when there are a BS with/ transmit antennas anll users formation (CSI) sharing scenarios. Most prior works on user
with N receive antennas in each cell, the coordinated Z®operation have considered the received-signal forwgrdi
scheme achieves the DoF aiin{2M,2K N, max(M,N)} cases, which act as a cooperative relay in different channel
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models such as broadcast channel [12]-[13], two-user-intevhere s/*7 denotes the transmitted symbol for theth
ference channel [14]-[16], and one-sided interferencéncbh user in thei-th cell, satisfying an average power constraint,

etc. E {Z,ﬁil Hv[’“’i]s[kvi]m < P, andvl® is the linear beam-

In this paper, we propose a novel cross-network interfe‘15’6rming vector for carrying the symbod/*?, with unit norm
ence alignment algorithm exploiting another channel recsmu constraint. i.e H"[k"i]H L@ I;[k’i], o

available flcl)r Cll.lser COOpirat'?r:" 't'e" a IIC?\;)IFK/?(BatIIISS Cchlgn fdditive white Gaussian noise (AWGN) vector with variance
Zggrri]iniej()-iitlgedgsii;fs t?;nsremt\,;%-gereceive b-eamf(.)lgnrnra2 per entry at thek-th user in theith cell, and HEM
vectors for the two-cell MIMO-IFBC using CSI obtained byI{: the N > M channel matrix from the BS o the user

: . - k,i]. We definei as the cell index which is not equal
user cooperation via the Wi-Fi networks. In terms of thO , andVi,i € {1,2}. The channel matricedi!*" for
achievable DoF and the amount of channel feedback, \%el’ LI AL Ly J

also investigate the benefits of our algorithm offered by tf}ﬁ’j € {1,2} andvk € {1,2,..., K} are generated so
utilization of the Wi-Fi links to share CSI among users. at each entry of the matrix is independent and identically

The remainder of this paper is organized as follow _istributed (i.i.d.) according t€N(0,1), and it is assumed

Section Il describes the system model considered in thlsalt each channel obeys a frequency flat block-fading cianne

. . model. We also suppose that perfect channel state infasmati
paper. In Section Ill, we present our proposed algorithm

a simple example and derive the main result of this pap éSI) is available at all users. Each user decodes the desire

In Section IV, we demonstrate that our proposed algorithfré%r;".’uz Cbcg::?o:x: Itse(i:czcr)rresapnodnctirl]r;gSBSnsly ar:t:rl]téplylng the
outperforms than the conventional techniques via simdati v ing v ' '9 e

results. Finally, the paper is concluded in Section VII. after receiver combining is given by

y[k,i] _ W[k,i]TH£k7i]v[k,i]S[k,i]
K
_ _ . SYSTI.EM MODEL 4 lkdlt Z b IR gl
In this section, we describe a system model for the two- ey !

cell MIMO-IFBC as shown in Fig. 1. The system of the two- X
cell MIMO-IFBC consists of two BSs with\/ antennas per 1wkt Z HF O F A gK 0y gkl ©)
BS and K users with/N receive antennas per user in each = ’
cell. It is assumed thak’ users in each cell can cooperate to )

share their CSI using the Wi-Fi links which offers wireles@herew!*/l denotes the receive beamforming vector for the
connectivity on a peer-to-peer basis without the assistaric USer [k, ], whose size isV x 1, anda*" = wl*ITnlk is
wired network. This assumption is valid in the case whefB€ effective noise vector, each entry of which is distrébit
cooperating users are located in a local area, such as iRS§A(0,1). The notation(-)" means the conjugate transpose
campus or a library. For notation convenience, we refer ¢o tRPerator.

k-th user in thei-th cell as usefk,i]. We assume each BSg. User-Cooperative Links for Wi-Fi Networks

tries to convey one data stream per user to its corresponding%_he user-cooperative links are connected by the Wi-Fi

users. _ . i
networks in an ad hoc modgl[3] without any adverse impacts
A. BS-User Links for Cellular Networks or interference caused by the cellular network. In this pape
The received signal at the usf, i] is represented as these links are assumed to be noiseless with achievabke rate
) x which are enough to share CSI of interfering channels among
gl — Z ch,i] Z VIF il gkl g k] cooperating users in each one cell.
i'=1 k=1 C. Degrees of Freedom (DoF)
K . . . .
_ plbily b glki) 3 HL K ) For the given set of beamforming vectossh and w7,
ey wherevk € {1,2,..., K} and¥i € {1, 2}, the achievable rate
desired signal " inter-user interference at the userk, i| supported by the B$ is written as given in
K , S equation (1).
k,i ") K Ji . .
+> HEA IR ]y pld] (2)  We define the rate regidh to be the set of all rates that can
)\ e’ . . . . .
=l er-cell interference be achieved by using the transmit and receive beamforming
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vectors under individual power constraints, which is gign U By

% & (R, R, RIS, RO R, R

e R2K|RM as in (1), Vi, k}. (4)

Further, we define the degrees of freedom which is the pre-
log factor of the sum rate. This is one of the key metrics

for assessing the performance of the system in the multiple
antenna systems at the high SNR regime, which is defined as
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where R(p) = Zke{l K} Zie{1,2} Rlk.] (p) denotes the Fig. 2. The concept of the proposed IA scheme for the (3,2 BJGHFBC.

.....

sum rate at signal-to-noise ratjp = £).

o2

cooperatively design receive beamforming vectors.
I1l. NEWIA SCHEME THROUGH USER COOPERATION
In this section, we introduce a new IA scheme which Step 2 De3|gn|n_g the receive beamformlng v_ectors
By using CSI of interfering channels acquired in tetep 1

m:tll\/lggt-?th():O\E\?itr:cr:]lelanci ulls'g r?&“'ﬁgﬁgzsgn (Ijni nt\?eestith:t:fr:lhe user(1, 2] and user2, 2] design the receive beamforming
P P ’ 9 vectorswl!:2l and w22l so that the effective ICI channels

benefits of user cooperation compared with existing schemes . . .
in terms of DoF and the amount of channel feedback. n}rom the BS 1 are aligned with each other, which is
- [1,2]1 [1,2]) . ( [2,2]f [2,2])

A. Motivating example fo(M, N, K) = (3,2,2) spatl (Hl w span | Hy™ ' w ’ 7

To explain our scheme and its benefits clearly, we stawmhere span(-) denotes the space spanned by the column
with a simple case of M, N, K) = (3,2,2) as shown in vectors of a matrix.
Fig. 2. The BS1 wants to deliver two symbolss!"'') and We can find out the intersection subspace satisfying the
s> to the user[1,1] and user[2,1] using the transmit condition (7) above by solving the following matrix equatjo

beamforming vectors!:!l andv!>!, respectively. In general, L hICT
for given receive beamforming vectors, the minimum numbeyr I, —H[l’ It 0 Wh,z] = Mix; =0, (8)
of transmit antennas is 4 so that the transmit beamforming 1,, 0 _H[f’z” w22 H ’

vectors cancel out all ICl and IUl. For example, in order to-
transmit the symbos!"-!] without causing any interference to
the other users, the beamforming vectdt!) should satisfy where hI¢T implies the direction of aligned effective

6x7

the following condition, interference channels from the BSo the usef1, 2] and user
[2,2] after applying the receiver beamforming vectors. Since

viIL1 { (W[2=1]TH[1271])T 7 the size of the matridM; is 6 X7, it has one.dimensional null
—_— space. Therefore, the receive beamforming vectors for ICI

effective IUI channel

; channel alignment can be obtained explicitly with prohiapil
(W[l’QHH[ll’Q])T, (W[Q,Q]TH[I2,2])T] >’ (6) one.

effective ICI channels Step 3: Feedback the effective channels to the BS
wherenull(-) denotes an orthonormal basis for the null space Each user feeds back equivalent channels after applying the
of a matrix. However, our proposed scheme can remove bé€éteive beamforming vectors determined in $tep 2instead
ICI and Ul with 3 transmit antennas by performing ICIof channels itself through uplink feedback channels for the
channel alignment. In the following four steps, we preseggllular networks to its corresponding BS. To be specific,
our transmit and receive beamfoming design method enabliiig¢ user[l,2] is required to feed back both the effective
the ICI channel alignment through user cooperation withog€erving and interfering channel vectors after applying the
the need of global CSI. receive beamforming vectors, i.e;s/,[1=2]TH[21’2] € C**3 and

W[1,2]TH[11-,2] c C1x3,

Step 1. Sharing interfering channels among users

In order to share CSI between co-located cell-edge usersStep 4: Choosing the transmit beamforming vectors
user terminals perform user cooperation using the Wi-Fi Since the effective ICI channels are aligned with each other
network in ad-hoc mode. To be specific, the udgr2] the BS 1 can consider two different ICI channel vectors
and the user2,2] exchange CSI of interfering channels tas a one ICI channel vector which spans one dimensional



subspace as shown in Fig. 2. Therefore, if the beamformirsggreater than the number of rows bi; by the number of
vectorsv(-1l andv(?1] are designed with the effective channetlata streams for each uséf*i, vk =1,2,... K, i.e.,

information in thestep 3as
;
vib1 c null ([(W[Q"lHH[f’I])T, hgcz} > ,

;
vi21 ¢ qull ({(WHJHH[J’”)T, h3<| > ©)

(M +KN)—KM > d*1 =1. (13)

Moreover, if the all effective IClI channels after applying
receiver beamforming vectors are aligned within a single
dimension of each receiver, the minimum number of transmit
antennas\/ = K + 1 to remove both IUl and ICI simultane-

the BS 1 can send the symbol&-] and 521 to the user CUSIY IS necessary, i.e.,

[1,1] and usef2, 1] without any interferences, respectively.

B. General case for multiple uset > 2
We now generalize the proposed IA scheme explained

M > (K +1). (14)

These conditions (13)-(14) now take simpler forms and can
he expressed as

previous section for multiple cell-edge users in each ¢€ll; K1) <M< KN -1
2. The following theorem is the main result of this paper. K+ <M< K—1
Theorem 1: For the two-cell MIMO-IFBC where each BS -
w w g EZDMAL (15)

supportsk users simultaneously, we can achi@/€ degrees

of freedom if the BS and user have = K +1andN = K 14 gsatisfy the condition (15), it is necessary to equip the
antennas, respectively. numbers of transmit antennas = K +1 and receive antennas

Proof ) The achievability proof is provided by using any — g at each BS and user at a minimum, respectively, which
extension of the interference alignment scheme presented;bmpletes the proof. -

previous subsection. To prove Theorem 1, we show that

de1 = 1,vk € {1,2,..K},Vi € {1,2}, is achieved when C. Discussions

the numbers of transmit antenn&s and receive antennas In this subsection, we compare the achievable degrees of
are equal tok' +1 and K, respectively. To be able to decode &eedom and the feedback overhead for different schemes.
single stream at each user, the interferences coming frthm For comparison, we focus on the system configuration of
cell andi-th cell should be aligned within no more thah—1 (M, N,K) = (K + 1, K, K).

dimensional in order to obtain 1 interference free dimemsio Degrees of Freedom: In this case, the coordinated ZF

from a N-dimensional received signal vector. Without 10Ss  gcheme proposed by][5] and the subspace IA scheme
of generality, the transmit and receive beamforming vector L1 can attaink + 1 and 2(K — 1) degrees of
to mitigate both ICI and IUI simultaneously in the two-cell freedom, respectively, while our proposing scheme is able
MIMO-IFBC can be designed as in equation (10) on the top  tg achieve2 K degrees of freedom. Interestingly, in the
of the next page. case of K = 2, our proposed scheme attains the optimal
To reduce the required number of transmit antenia degrees of freedom [18], which coincides with the trivial
satisfying (10), we design the receive beamforming vectors  gyuter bound in[[9]. The reason for the increase of degrees
so that K effective inter-cell interference channels (IFC) of freedom comes from that the interference alignment
are aligned within one dimensional space through the user an utilize the signal space efficiently rather than the
cooperation to share CSI of interfering channels among all qordinated ZF scheme and the subspace 1A do.
users in each cell. This conditions can be rewritten intoemor , Feedback Overhead: To compare the feedback overhead,
restrict conditions as follows: we measure the amount of two different types of feed-
back information. The proposed IA scheme needs much
smaller amount of channel feedback compared to the
conventional schemes with global CSI available at the BS,
i.e., [B] and[[6], in the cellular networks at the expense of

hZ¢T — HELEHW[LZ] _ HEZE]TW[Q,Z] - — HEKﬂTW[Kﬁ]_ (11)

The equation (11) can be represented in a matrix form, i.e.,

I —pftat (0] h7c* . A, .
- Y o wlld the user cooperation through the Wi-Fi link. For instance,
i w2 the user|1, 1] is required to feed back the full CSl, i.e.,
R : H"Y ¢ cVM and HEYY € €V*M for performing
Iy O 0 —glit Wl the conventional schemes, while the proposed IA scheme
KM X (MAKN) only reql_Jires the effect_ive channel vecto_rs aft_er applying
— M,x; = 0. (12) the receive beamforming vectors exH!%med in (8), i.e.,

wlbtHPY e M gnd witbitED e oM,
Especially, the effective interference channel vectoteraf
ICI channel alignment for all users in the same cell are
perfectly aligned along with a same direction, and this
implies that only one user in each cell is enough to feed

From equation (12), we can find the receive beamforming
vectors to satisfy (11) by equivalently calculating the Inul
space ofM;. It is noted that there exists a vectry in the
null space ofM; only when the number of columns &I;



span(v[k’i]) - null({(w[l-,iﬁﬂglﬂ)t . (W[K-E]THEKﬂ)T

effective ICI channels

;
(W[laiHHELi])T’... ’(W[k—l,iHHEk*Li])T’ (W[k+17i]THEk+1viJ)T7... 7(W[K,i]TH£KviJ)T} )

effective IUI channels

(10)

TABLE |

ACHIEVABLE DOF AND FEEDBACK OVERHEAD COMPARISONS FOR THE TWeCELL (K + 1, K, K) MIMO-IFBC

Schemes Achievable Channel feedback | Channel feedback | Total channel feedback
degrees of freedom| for serving cellf for interfering cell f
CZF [5] K+1 2(K + )K? 2(K + DK? 4(K + 1)K?
Subspace 1A11] 2(K —1) 2K? 0 2K
Proposed IA 2K 2K(K +1) 2(K+1) 2(K +1)2

TThe number of complex valued elements needed for channebéek.

back the aligned interfering channel direction, ile;Z.
Therefore, we can significantly diminish the total required
amount of feedback information for interfering cell via 1207
uplink resources in the cellular networks with the help of
user cooperation.

In conclusion, our proposed scheme has much better
performance than the existing schemes while it requires
much smaller amount of feedback overhead than existing
schemes under full CSI assumption. The discussions above
are summarized in Table 1.
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IV. SIMULATION RESULTS o 5 10 15 25 30 3 4

Through simulation results, we first demonstrate that our
proposed scheme attains the degrees of freedom analyticaly 3. Achievable degrees of freedom according to the nurobesersi
derived in section Ill and access the ergodic sum rate péw (K +1, K, K) MIMO-IFBC.
formance of the proposed interference alignment scheme.
Throughout the simulations, the transmit power of all BSs is
fixed at P, and noise variance of all receive antennas at a user
is assumed to be the same, i.e?. The simulation results
are illustrated with respect to the ratio of the total traitsm
power to noise variance at each receive antenna in dB scale
(SNR=%).

Fig. 3 illustrates the sum rate performance of the proposed
interference alignment scheme according to various system
configuration as a function of the SNR. As shown in this
figure, the sum rate increases linearly with the slope of 4, 8,
12, and 16 in(3,2,2), (5,4,4), (7,6,6), and(9, 8,8) MIMO-
IFBCs, respectively. It confirms that the sum rate perforoean
exactly coincide with the DoF o2 K which is analytically ‘ : :
derived in Section III. °o s B

To show superiority of the proposed IA scheme, we compare
the sum rate performance of the proposed scheme with thege,.
of existing coordinated beamforming schemes in (thet, 4)
MIMO-IFBC. As presented in Fig. 4, the proposed interfeeenc
alignment method exhibits superior performance to thetexis
ing schemes described above. We also observe that the sheslope of 5 and 6. From these results, we can see that the
rate of the proposed scheme grows linearly with the slope efficient utilization of the signal space leads the perfaroea
8 while those of the existing schemes increase linearly wimhancement by increasing degrees of freedom.
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V. CONCLUSION

In the two-cell MIMO-IFBC, we proposed a novel cross
network interference alignment algorithm exploiting biitise
of the heterogeneous networks consisting of Wi-Fi systems
and cellular systems. By exchanging CSI among users through
Wi-Fi links, our proposed algorithm does not cause any
interference to cellular links as well as significantly redsithe
amount of channel feedback via cellular links. The algonith
also performs a joint design of transmit and receive beamfor
ing vectors using the shared CSI. Furthermore, our algurith
employs intersection subspace property of the vector sface
utilize signal spaces efficiently, thereby achieving higbeF
gains compared to the existing techniques. Further work wil
consider: i) user cooperation with limited channel feedthac
and ii) the extension to the MIMO-IFBC with more than two
cells.
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