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Abstract—Interference alignment (IA) is widely regarded as connected cellular networks. Results of IA in cellular natks
a promising interference management technique in wireless also include spatial IA design (see, e.@!, [911[10.1[1bljnd

networks. Despite its rapid advances in cellular networksmost ; E
results of IA are limited to information-theoretic exploration IééﬂfSlgnl(sge, e.g.EEZ]ED.li]), igd channel state infdrom
or physical-layer signal design. Little progress has been ade ( ) analysis (see, e.gl. [14]. [15]).

so far to advance IA in cellular networks from a networking Although there is a large body of work on IA in cellular
perspective. In this paper, we aim to fill this gap by studyinglA  networks, most of them are limited to information-theareti
in large-scale cellular networks. For the uplink, we propog an exploration or physical-layer signal design. It remaingmp
OFDM-based IA scheme and prove its feasibility at the physial  pow to develop an IA scheme that can be incorporated with

layer by showing that all data streams in the 1A scheme can o over yser scheduling algorithm to maximize network
be transported free of interference. Based on the |A scheme, PP y 9 ag

we develop a cross-layer IA optimization framework that can |€Vel throughput. This stagnation underscores the teehnic
fully translate the benefits of IA to throughput gain in cellular challenges in the exploration of cross-layer IA design from
networks. Further, we show that the IA optimization problem  a networking perspective, which we describe as followsstFir

in the downlink can be solved in the exactly same way as that developing an IA scheme for a generic cellular network with

in the uplink. Simulation results show that our OFDM-based IA an arbitrary number of base stations (BS) and users is not
scheme can significantly increase the user throughput and ¢ y

throughput gain increases with user density in the network. a trivia_l problem, as it re_quires Com.plex Signql design at
Index Terms—Interference alignment, cellular networks, cross- transmitters and onerous signal detection at receiverairtse
layer optimization, throughput maximization in a large-scale network environment, IA design is coupled

with upper-layer user scheduling. An isolated design of tA a
the physical layer is prone to yield an inferior performance
|. INTRODUCTION and thus cannot fully harvest the benefits of IA for throughpu
Interference alignment (IA) is a promising interferencgiaximization. Therefore, a cross-layer IA scheme is needed
management technique in wireless networks as it may yigttpwever, developing a cross-layer IA scheme together with
much higher throughput than we thought before. The bagiger scheduling can easily become intractable and is a chal-
idea of IA is to jointly construct signals at the transmigterlenging task.
with the aim of squeezing interfering signals into a reduced In this paper, we study OFDM-based IA in large-scale
dimensional subspace at each receiver, thereby leaviggrlarcellular networks from a networking perspective. We coesid
subspace for the reception of desired signals. It was shgwna network that consists of a set of grid-deployed BSs and a
Camade and Jafar inl[1] that IA makes it possible for ftie set of randomly distributed users. Each BS has a fixed service
user interference channel to achieiig2 degrees of freedom area and provides service to the users within its service. are
(DoFs), indicating that the aggregate DoFs of the interfeee A user may fall into the service areas of multiple BSs and
channel increase linearly with the number of users. Given Will choose one of them as its service provider. We assume
huge potential, IA has gained tremendous momentum in e transmission is based on OFDM modulation and the set of
research community and been applied to a variety of netwoéailable subcarriers in OFDM is given. For such a network,
(see, e.g.[12],[13],14],15)). similar to the IA scheme in[]6],[]7], we study IA in the
Along with its success in theory, IA in cellular networkgrequency domain by projecting the weighted transmit dgna
(and WLAN) has attracted significant attention due to itento OFDM subcarriers. Doing so allows us to develop an IA
industrial potentials. Research efforts have producedusislo Scheme that can be easily applied to a network with heteroge-
line of results that deepen our understanding of IA in callul neous antenna configurations. Given that uplink and doknlin
networks. For example, Suh et al. [i [6] and [7] showed thate independent in both TDD and FDD networks, we consider
the use of IA can completely eliminate inter-cell interfeze them separately. Our objective is to develop an OFDM-based
if the number of users in each cell is sufficiently largdA scheme that can be jointly optimized with user scheduling
Morales-Cespedes et al. inl [8] developed an IA scheme usiiggmaximize the uplink/downlink user throughput in cellula

reconfigurable antennas to remove interference for pigrtianetworks.Although our study of IA is done in the frequency
domain, the proposed IA scheme is a general framework which

o T-t Zi“gy IY- tI- tHou'stV{ :-Otljv X. Yl:a“élanlg bR-gZZhXOéﬂlerVéir JVifC@Ji“iacan also be used in the temporal and spatial domdihs.
olytechnic Institute an ate university, blacksburg, y .J. Cao . . . . .
is with The Hong Kong Polytechnic University, China. contributions of .thIS paper are summarized as follows:

o For the uplink, we develop an OFDM-based IA scheme



stream 1 subcarrier 1

for the data transmissions from users to their serving BSs. "™ | T—— Transmit
Specifically, at each user, we propose an approach to : U= —— signal

determine which subset of its interfering streams should  steam o, | ™ %] ¢ cp

be selected for alignment; at each BS, we propose a |

procedure to align interfering streams so that the desired

data streams can be decoded free of interference. For the
proposed IA scheme, we develop a set of 1A constraints

for each user and BS, and show that if the IA constraints

are satisfied, the IA scheme is always feasible at the , ,
physical layer. is large enough, each cell can achieve one DoF. This result

. Based on the OFDM-based IA scheme, we developi%Signiﬁcam’ as it indicates that interference may nothzee t

cross-layer IA optimization framework to maximize th&ominant factor i_n cellular networks. Despite its s_ignilﬁca,_
user throughput for the uplink of cellular networks. Tdhe IA scheme in [[6] and.[7] cannot be used in practical

reduce the complexity of the optimization framework'?etworks due to its underlyin“g qssumptions, including filyo

we eliminate its nonlinear constraints through reformn€ data stream per user, (ii) identical user number for each
lation without compromising its optimality. The resulting®> (iil) restricted relationship between subcarrier arseru
optimization framework is in a form that can be eas”}r,wumbers, and (iv) a single interference collision domain. |

handled by commercial off-the-shelf (COTS) Optimiza(_:ontrast, the OFDM-based IA scheme in this paper does not
tion solvers. rely on these assumptions, thereby making a concrete step

« We show the uplink-downlink duality of the IA schemetowards its practical applications in cellular networks.

Specifically, we show that the uplink IA scheme can be In addition to its advances in the frequency domain, IA was
applied to the downlink by simply switching the rolesalso studied in the spatial domain (using multiple antepnas
of user and BS. Further, the downlink IA optimizatiorfor cellular networks[[9],[20],[111],[125],[126],[[15],.T2]7 In
problem has the same formulation as the uplink arjd], Zhuang et al. investigated the feasibility of 1A in MIMO
therefore can be solved in the exactly same way. cellular networks and proposed a max-SINR algorithm to
o We evaluate the throughput performance of our I8esign IA solutions. IN]10], Shin et al. proposed an IA sckem
scheme via simulation. We compare it against two oth&s design transmit and receive beamforming vectors for a two
schemes: “no-IA" scheme and “crude-IA’ scheme. Simeell MIMO network and showed that their IA algorithm can
ulation results show that our IA scheme has a signifachieve the optimal DoF. 1A [11], Ntranos et al. studiedigpat
cant throughput gain over no-IA and crude-IA schemegomain IA in cellular MIMO networks. They showed that their
Further, the gain of our IA scheme increases with usgx scheme can achieve 1/2 DoFs per antenna in the uplink of
density of the network. a three-sector cellular network with one active user petosec
The remainder of this paper is organized as follows. Se¢hen both the user and the sector hdveantennas.
tion [l presents related work. Sectign]lll offers a primer of Another research line of 1A in cellular networks is focused
our OFDM-based IA scheme. In Sectibn] IV, we develop a§, addressing its CSI problem. [fi [8], Morales-Cespedes et a
OFDM-based IA scheme and prove its feasibility. In SeGygied blind IA for partially-connected cellular netwsrand
tion[Vl we develop an IA optimization framework to maximiz&eejoped a blind IA scheme based on reconfigurable antenna
network throughput. In Sectidn VI, we establish the uplink, remove intra-cell and inter-cell interference. [n][18lang
downlink duality of our IA scheme. Sectiol VIl presentgy 5 developed a blind IA scheme for the downlink of celiula
numgrlcal results to shovy the efficacy of the IA scheme ang|,stered networks with reconfigurable antennas_Th [12eJ
SectiorVIl concludes this paper. et al. studies the combination of IA and opportunistic scied
ing to facilitate alignment in the cellular downlink whileot
1. RELATED WORK requiring CSI at transmitters. 10 [14], Rao et al. first quféed

The idea of IA firstly appeared if [16] and the terminolog)?s! feedback for IA in MIMO cellular networks, and then
of IA was created by Jafar and Shamai in a seminar paadﬁ?nved closed-form tradeoff between the_ CsSlI feedback and
for the two-user X channel[17]. Since its emergence, the performance: In[I5], Tre_sch et al. studied the sum mgtual
idea has gained tremendous momentum in both industry dn rmation achieved by IA in cellular ne'Fworks and dgrlveq
academia (see, e.gL] [L[_J18]_119]] [5].[201 1211, 2223, Its upper and lower performance bounds in the scenarios with
[24]). Since there is an overwhelming large amount of onfJ‘pe”eCt channel knowledge.
on |IA, we cannot survey all the IA papers and therefore focusWhile there is a large amount of IA results in cellular
our literature survey on IA in cellular networks. networks, most of them were focused on information-théoret

In [6] and [7], Suh et al. proposed a frequency-domaiexploration or physical-layer signal design. Little pregs
IA scheme, called subspace interference alignment, fan bdtas been made to advance our understanding of 1A from a
uplink and downlink of cellular networks. They further shedv networking perspective. This paper fills this gap by devielgp
that their 1A scheme can achievé/( “v/K + 1)~ DoFs an IA scheme which can be jointly optimized with upper-
for each cell, where= is the number of cells an& is the layer user scheduling to maximize the throughput of cellula
number of users in a cell. If the number of users per caietworks.

subcarrier Ny

Fig. 1: Schematic diagram of IA at user



TABLE I: Notation. MH
Symbol | Definition - o,
Aqij The subset of interfering streams at usehat are aligned
at unintended Bg, A;; C S;, |Aij| = ayj Hju
B; The subset of interfering streams at uséhat are not
aligned at any BSS3; = S;\(U;czbsAij), [Bi| = Bi
C}’S The set of BSs within the transmission range of user
C]‘.lsr The set of users that may choose B®&s service provider
EAij The subset of precoding vectors that correspond to the
interfering streams i, user 1 user 2
EBi The subset of precoding vectors that correspond to the L L
interfering streams i3; \“1 \ 1 \“4
£Si The set of precoding vectors that correspond to the streams 2
in S; ) (a) IA in frequency domain with 3 subcarriers.
Hj; Channel matrix from user to BS j, H;; € CExK Hooul
Ibs The set of BSs that are interfered by user uty b A Hyul
I]‘.lsr The set of users that are interfering with BS ku:ls\ /i{ w2
K The number of subcarriers in the netwoik, = |K| : VT
K The set of subcarriers in the network Hiy Hoou
M The number of BSs in the networR/ = | M| Hyju? 1
M The set of BSs in the network Hiu,
N The number of users in the network] = ||
N The set of users in the network
(’)}’S The set of BSs within the interference range of
users (but out of its transmission range)
O‘jlSr The set of users that interfere with BSbut out of
BS j's service area
oT The set of directions for desired data streams atjBS user 1
Q% The set of directions for interfering streams at BS uj \/ . . ‘\ui/'
u -
Q j’EH The set of directions for “effective” interfering streams 1 : u?
at BSj ’
Qé’A“ The set of directions for aligned interfering streams at B$ (b) 1A in frequency domain with 6 subcarriers.
7]) f . . . . . . )
Qj ¢ The set of predefined directions for interference at BS Fig. 2: An example of 1A in the frequency domain.
sk The kth stream at uset, 1 < k < o;
S; The set of streams at usér|S;| = o;
7’].“Sr The set of users that choose B3s service provider
u? The precoding vector for streagf over the subcarriers, data streams at the transmitters. Suppose that thet§ éeeg
uf e CEx! . . . ’ Vo
vl The decoding vector for streasf over the subcariers, 64) subcarriers available in the network. Then the preapdin
vl ¢ CKx1 vector for each data stream isf/ x 1 complex vector. At
J . . . .
Pmin The minimum data rate among all users each transmitter, we aim to design a precoding vector fon eac
ij A binary variable to indicate whether usechooses BS of its data streams so that its transmitted signals overtap a
as its service provider h ible at it intended . hil .
vij An opposite binary variable of variable;;, z; + yi; = 1 much as pOSS_I e at Its unin en_ e I’eCEIVEI‘(S)_W lne re!rn@m
ij The cardinality of4;;, cij = Ayl resolvable at its intended receiver(s). Teble | lists theation
Bi TEE Cafdig‘a"tyf ofB;, Bi = |Bi| that we use in the paper.
o The number of streams at usgro; = |S; . .
Aij Linearization variableX;; = a, - yi, 15l An Example. Consider a small network with 2 BSs and 4
Wi Linearization variablej.;; = Bi - yi; users as shown in Fig] 2, where a solid arrow line represents
a directed link and a dashed arrow line represents a directed
interference. For both BSs and users, each of them has a
[Il. OFDM-BASED IA IN CELLULAR NETWORKS: A single antenna. We assume that CSl is available at both BSs
PRIMER and users. To show the benefits of IA, let's start with a

IA is a promising interference management technique fimple example by assumirgysubcarriers available for data
wireless networks. Its basic idea is to jointly design sigrsa transmission (i.e.X = 3). Note that we takes = 3 only for
transmitters using linear precoding techniques, with time aease of illustration and we will consider a larger valuerof
of projecting interfering signals into a reduced-dimensio later. With K’ = 3, we show that by using IA, a total of 4 data
subspace and keeping the desired signals resolvable at egftgams can be transmitted from the users to their respectiv
receiver. Generally speaking, IA can be done in three dosnaiBSs, with 1 data stream from each user.
spatial (MIMO), spectral (OFDM), and temporal (time slots) To show this, we first introduce the notation. For vectors
In this paper, we consider OFDM-based IA in the frequeney and b, denotea := b if there exists a nonzero complex
domain in cellular networks. We assume that the transmissioumberc such thata = ¢b, i.e.,, a andb are in the same
is using OFDM modulation and the set of subcarriers availaldirection. Denotgu - - - uf} as a set of linearly independent
for IA is given. At each transmitter, as shown in Hig. 1, |Abasis vectors with dimensioR x 1 and nonzero entries. The
is achieved by projecting its outgoing data streams onto thelependence requirement ensures that the data streams fro
subcarriers using linear precoding technique. As suchcdihe the same user remain resolvable at the BS; and the nonzero
of IA is a construction of precoding vectors for the outgoingequirement ensures that all subcarriers are fully usedof2e



H;; as the frequency-domain channel matrix between user
to BS j. Due to the orthogonality of the subcarrieH,; is a
diagonal square matrix. Denoté as the precoding vector for
the kth outgoing stream at user We construct the precoding
vectors at user 1 and user 2 as follows: dgt:= u and let

u} := H,,'Hyyul. As aresult, at BS 2, the interfering stream
from user 1 is aligned to the interfering stream from user 2,
as shown in Fig[]2(a). Likewise, we construct the precodi
vectors at user 3 and user 4 as follows: igt := u? and wserl user2 user user user
let u} := H,,Hozul. Then at BS 1, the interfering stream  Fig. 3: The uplink transmission in a cellular network.
from user 3 is aligned to the interfering stream from users4, a

shown in Fig[2(a). By using the above precoding vectors at

the 4 users, the received data and interfering streams ht eAc An OFDM-based IA Scheme

B o S e o ot Consider a cllar nework shaun i £, unere ach
PP ' ' node (BS or user) has a single antenna. Dedtas the set

352?2(:(3\:52 rzncazosr;'gﬁ (;rttioonrglgl ii:féa it'{t?r?mriérrznlhtgr? (f)?(])Lfrusers in the network witlv = |[N/|. Denote M as the set
y . » SiNce putting . df BSs in the networkM = |M]|. Denote7"" as the set
data stream on a subcarrier will inevitably cause interfeee : o
. of users who choose B$ as their service provider. Denote
on that subcarrier.

. . 7" as the set of users that interfere with BSi.e., BSj is
— J
When the network has 6 subcarriers (i.= G), we show within the interference range of these users and BSnot the

that by using IA, 8 data streams can be transmitted fro rvice provider of these users. Dendfé as the set of BSs

the users to their B.SS' with 2 data stream at each user. &t are interfered with by user i.e., these BSs are within
construct the precoding vectors at user 1 and user 2 as Es)llowle interference range of usebut are not chosen by user

—1
let [uj uj] := [u} up] and |§t[u% u%.] := Hyp Ho[u] ui]. As as its service provider. In our study, we use Rayleight fadin
a result, at BS 2, the two interfering streams from user 1 & the channel fast fading model. For the channel realizstio

?‘"gr_‘ed to the_ two_interfering streams from user 2, as ShO\We assume that the CSl is available at both BSs and users.
in Fig.[2(b). Likewise, we construct the precoding vectdrs a Consider user that interferes with BSj, i.e., j € T
, .e., 5.

. 1 21 . 3 4
user 3 and user 4 as follows: le; us] = [uy uy] and DenoteS; = {s¥ : 1 < k < o;} as the set of streams from

1 21 . —1 1 2
let [u; ug] := Hy Hys[u; ug]. As a result, at BS 1, the useri, wheres is the kth stream and; is the number of

two interfering streams from users 3 are aligned to the WO cams at user(i.e., o — |S|). Then each stream i is an
interfering streams from user 4, as shown in Elg. 2(b). Bypgisi intgrfering strearﬁ f;)’r éS- A'E B'S ;. we wish to align as many

_those precodlng vectors at the 4 users, the re_celved data rfering streams as possible to some predefined inezréer
interfering streams at each BS are on 6 directions. Thaefo&lirections

6 subcarriers are sufficient to support 8 data streams. Hevev . . .
if 1A is not used, 6 subcarriers can support only 6 data Among the interfering streams i8;, denote.A;; as the

; . ._Subset of interfering streams that can be aligned to some
streams from the four users (with any combinations), since 9 9

. . ; redefined interference directions at BSDenoteq;; as the
putting more than one data stream on a subcarrier will leadto” ,." . . .
! . cardinality of A;;, i.e.,a;; = |.A;;|. Then, at BSj, the number
interference. Following the same token, when the netwosk ha, ..~ . ; . ; )
: ) .-~ 0Of directions occupied by the interfering streams is reduce
256 subcarriers, it can transport 340 data streams usingnlA T . S
. . from o; to o; — oy, resulting in a saving ofy;; directions
contrast of 256 data streams in the case without I1A. [ , . -
It is easy to see that the gain of IA for this networkii at BSj. Among the streams i5;, there may be a subs#
. Y 10 S€ gal . ! WOrkIi&3. of streams that are not aligned to any predefined interferenc
It is worth pointing out that the gain of IA becomes mor

L : jrection at the BSs irZPs. Denotep; as the cardinality of
significant as the number of users increases. In the two- ! fi y

cellular network where each BS hasusers, the interferences "’ €., B = |Bi|. Thus we have

at each BS can be aligned to the same direction. The spectrum B; = S\(UjeqveAsj).

efficiency at each BS isi/(n + 1) and the total spectrum '

efficiency at the two BSs i&€n/(n + 1). Since the network Constraints at User. Consider one of the; outgoing data

without IA is 1, the gain of IAis(n —1)/(n + 1). streams at usei as shown in Fig[}4(a). This outgoing data

stream interferes with all the BSs ifP® (BS 1, 2, and 3 in

the figure). We wish to align its produced interference at as

many BSs as possible. Now the question is that the interderen
In this section, we develop an OFDM-based IA scheme faroduced by this data stream can be aligned at how many

the uplink communication in a single-antenna cellular \eiss BSs in ZP*. As we showed in the example in Sectibnl IlI,

network. The IA scheme includes IA constraints at each usbe construction of this data stream’s precoding vector can

and BS, as well as how to construct the precoding/decodiggarantee its produced interference to be aligned at one BS.

vectors for each stream. In what follows, we first present tiNote that in some extreme circumstances (e.g., when all the

OFDM-based IA scheme and then prove its feasibility at thehannels are exactly the same), the construction of this dat

physical layer. stream’s precoding vector can align its produced intenfege

user user user N

IV. AN OFDM-BASED IA SCHEME AND ITS FEASIBILITY



O subspace formed by the union &, over k € I} except
i its own B;. Here, “uniquely” means that any two interfering
! streams mAm will not be aligned to the same interfering
N stream in Ukezusrlﬁk Based on our proposed solution to
‘Cj , guestions (i) and (i), we have the following constraints at
user @
BS j:
ki
ann> o< Y P forieZjem. @)
\Sz kez—;lsr
(a) 1A constraint at usei. Dimension Constraints. At BS j, the total number of its

BS j desired data streams J5, T O while the number of its
unaligned interfering streams Eldm (i — aj). Since the

number of directions for desired data streams and unaligned
interfering streams cannot exceed the number of available

\
44‘__-4{)
y
,

¢ h subcarriers, we have the following constraints at BS
O user 1 O user 2 O user 3
> ot Z oi—aij) <K, forjeM. (3)
I @F
S S, S, So far we have derived three constraints for IA to character-
(b) 1A constraint at BS;. ize its capability (i.e., the number of data streams thatlman

sent by each user to its serving BS) without rigorous argimen
] In the next subsection, we show that as long as these three
BSj € IPs. . e ) .
i constraints are satisfied, there always exist precodicgftieg
vectors so that; data streams can be sent from uséo its

. . .. ..serving BS free of interferenceé, .
at multiple BSs. But in a general case, the constructionisf th g ecN

data stream’s precoding vector can guarantee the alignofient

Fig. 4: An example of illustrating 1A constraints at useand

its interference at only one BS. B. Feasibility of the IA Scheme
We now consider all ther; outgoing data streams at user Consider an IA scheme r with DoF vector
i. Since each of them guarantees that one of its produged,s,,--- o). For each streams® in 7, denote u”

interfering streams can be successfully aligned at the cek its precoding vector at useandv!, as its decoding vector
responding BS. The construction of the outgoing data at its intended BS. We say IA scheme is feasible if there
streams’ precoding vectors guarantees thaof their pro- exist precoding and decoding vectors so that usean send
duced interfering streams can be successfully alignedeat #) data streams to its intended BSfree of interference,
corresponding BSs. To ensure the feasibility of IA, we im@os < A/. Then we have

constrainty ;. 7. a;; < 0. Recall thats; is a non-negative  Definition 1: An 1A schemer is feasible at the physical
integer optlmlza'uon variable. The constraint can be eauiviayer if there exist precoding and decoding vectors thattmee
lently translated to

(V) Hjuf =1, 4
Bi + Z wij =0, forieN. Q) HTHul =0, @ e TPTUTS 1<K < ow, (I, k) # (i k),
JETP® (5)
Constraints at BS. At BS j (see Fig[#(b) for example), wefor ; ¢ A and1 < k < o;.
need to align the interfering streams.ih; (for eachi € 7;*')  Note thatHj;, the frequency-domain channel matrix be-

to some predefined interference directions. To do so, we haygen useri and BSj, is a diagonal complex matrix with
the following two questions: (i) what should be the set ahe rth diagonal entry being channel coefficient of thth
predefined interference directions at Bii) how to align the  sybcarrier. The following theorem is the main result of the
interfering streams itd;; to the set of predefined interferencgest of this subsection.
directions. Theorem 1: For uplink 1A scheme, if its DoF vector
There may be many possible solutions to the above W8, , 0y, --- , o) satisfies[(),[[2), and13), then it is feasible
guestions. Here, we show one solution for which we can offera@\the phyS|caI layer.
feasibility proof (see Sectidn1ViB). In our solution, févefirst  Theorem[1L provides a sufficient condition to verify the
guestion, we useueIuSrB as the set of predefined mterferenc%aS'b,my of an IA scheme. Instead of constructing prengd
directions at BSj. That i is, each interfering stream if;; will  5ng decoding vectors satisfyingl (4) ad (5) in Definitidn 1,
be aligned to an interfering streamule zv-: B;. For the second TheorenlL allows to verify the feasibility of an IA scheme
question, we align each interfering stream.;, i € 7} through simple calculation if(1)[J(2), anfl (3). The rest of
to a unique interference stream Lwﬁezum By.. That is, each section will be devoted to proving Theoré&in 1. Here is our road
interfering stream i, ; is aligned umquely in the interferencemap. First, we construct precoding vectors for the datastse



at each user. Second, we give two lemmas to characterize Exéstence of Decoding Vectors. So far we have constructed
dimensions of such precoding vectors. Finally, based oseth@recoding vectors for the streams at each transmitter and
two lemmas, we show that there always exists a decodigigowed two important properties of the constructed. For the
vector for each stream so thél (4) ahdl (5) in Definifibn 1 adecoding vectors at receivers, we have the following pripos
satisfied. tion:

Construction of Precoding Vectors. Denote€% = {u} : Proposition 1: If the constructed precoding vectors satisf
1 < k < 0;} as the set of precoding vectors for the strean{B), then there exists a decoding vector for each streamab th
in S; at useri. Among the precoding vectors ifi°:, denote constraints[(#) and[{5) are satisfied.

£4ii as the subset of precoding vectors that correspond toA proof of Proposition[1L is given in Appendix]C. This
the interfering streams iod;;; denote£P as the subset of completes the proof of Theore 1.

precoding vectors that correspond to the interfering stseim

B;. Since we define a unique precoding vector for each stream, V. A THROUGHPUTOPTIMIZATION FRAMEWORK:

we have COMBINING |A WITH USERSCHEDULING

Aij| — o
|5Bl_ B i , . of OFDM-based IA to increase user throughput in cellular
€7 =Bi, forie N networks from a networking perspective. We consider a net-
EP = E9\(Ujeqpe&ti), forieN; work that consists of a set of grid-deployed BSs and a set
EAin Nz =), forie N, ji,js € I, 1 # o of randomly _distributed users (gee e.g. . _7). Each B_>S _has
a fixed service area (a disk with radius of its transmission
We defineéd = Ujcp jezr-€%9 and € = Uien€%. range) and it only provides service to the users within its
Then we have;cn €% = €4 U EB. We first construct the service area. A user may fall into the service areas of nialtip
precoding vectors in€? and then construct the precodingdSs and will choose one of them as its service provider. In
vectors in€4. this section, we focus on the IA optimization for the uplink.
Denote{uf : 1 < k < K} as a set ofinear independent The downlink will be considered in the next section. In the
complex vectors with dimensiok’ x 1 andnonzeroentries. uplink, a user is transmitter and it will interfere with th&8
Then, for the precoding vectors §1°, we construct each of within its interference range other than its service prewid
them as follows: We assume the transmission uses OFDM modulation and the
ufi=uf . (6) set of subcarriers for IA is given. Within the set of subaensi
we aim to jointly optimize IA and user scheduling so that the
Now we construct the precoding vectorsdrt. Recall that uplink user throughput can be maximized at network level.
in 1A schemer, each interfering stream id;; is aligned to an Our Approach. To solve this problem, we develop a cross-
interfering stream imJZ?IPSTBk. Therefore, for eacla’ € €4, layer IA optimization framework with the objective of maxi-
we define ’ mizing user throughput. In the previous section we develope
uf — Hjj.lHjl-/uff . (7) an IA scheme and showed that as long as IA constrdihts (1)—
(@) are satisfied, usere N can sends; data streams to its
whereu! is an precoding vector i” (i.e.,u¥ :=u}’) and serving BS free of interference. Constrairlts (I)—(3) define
i £ . feasible IA design space for a cellular network that is rigadi
Properties of Precoding Vectors. Denotedim(£°) as the used for throughput optimization. However, constraii)s-(3)
dimension of the subspace spanned by the vectors ifiget were derived under the assumption that each user’s sengng B

for j € M,i € T, Problem Statement. Our goal is to exploit the benefits

Then we have the following lemma: is given a priori and therefore can only be applied to a nektwor
Lemma 1: At each usere N, the constructed precodingwith static user access. In a practical network, as statdigiea
vectors€®: are linearly independent, i.edim (%) = |£%|. a user may be within the service area of multiple BSs and

A proof of Lemma[l is given in Appendix]A. can choose any of them as its serving BS. This freedom (i.e.,

At BS 7, denoteQ;F as the set of its directions for its desireduser scheduling at each BS) provides another dimension for
data streams an@§. as the set of directions for its interferinglA optimization space to improve user throughput and should

streams. Mathematically, we have be incorporated into the 1A design space. In what follows,
T P 5. we first model the user scheduling and then incorporate the

Q = UieTj“”{Hjiui tuy € 87, user scheduling into our developed IA constraints. Finally

Q} = Uiezj{_m{Hﬁu;C cub e €91, we formulate a user throughput optimization framework and

eliminate its nonlinear constraints without loss of opfiitya
Then, we have the following lemma:

Lemma 2: At each B € M, each of its desired data

. . T A. Combining IA constraints with User Scheduling
stream occupies an independent direction, i.e.,

As shown in Fig[h(a), denot&"*" as the set of users within

dim(Q} U Q}) = Z o; +dim(Qj), for j € M. (8) the service area of B$; denoteOy*" as the set of users that
i€ T are outside the service area of B®ut can still interfere with

BS j. As shown in Fig[(b), denoté!* as the set of BSs
A proof of Lemma® is given in Appendix]B. that useri can choose as its service provider; denof¢ as



Finally, for (3), we need to first clarify**r, i.e., the set of
users that choose Bfas their service provider. Based on the
definitions ofCJ‘»lsr andz;;, we have

Elsr = {’L 1T = 1,7 € C;SY}.
Then, [3) can be rewritten as:

ZUz"Iz‘j—FZ(Ui—O&ij)SK jeM.
(a) Sets for BSj. (b) Sets for use. e ez
which is equivalent to

ZUi'CCij +Z(Ui—04ij)'yij+2(0i—aij) <K, jeM,
iecysr iecys i€y
the set of BSs whose service areas do not cover usert (15)
are still inside the interference range of usefo efficiently based orZ*" in (L2).
use IA and IC capabilities, channel quality (path loss andisl  Constraints[(9)E(15) define a feasible IA design space when
fading) should be taken into account when constructingethesser scheduling is jointly considered. In the sequel, weleynp
sets (i.e.C*, 0¥, CP%, and O}®). this IA space to study an uplink user throughput maximizatio
Denotez;; as a binary variable to indicate whether or ngproblem in a cellular network.
useri chooses BS € CP* as its service provider. Specifically,
x;; = 1 if useri chooses BS as its service provider an@l B. User Throughput Optimization Framework

otherwise. Since usercan choose only one BS as its service ror simplicity, we assume that fixed modulation and coding
provider, we have scheme (MCS) is used for each data stream and that each
o , data stream corresponds to one unit data rate. The goal is to
Zl‘ij—l, ieN. (9) . L
maximize the minimum rate among all the users. Demgtg

as the minimum rate among all users. Then we have
Denotey;; as the complementary binary variable of;. .
. : / i > Tmi . 16
That is,y;; = 1 if useri doesnot choose BSj € CP* as its i = Tmin » teN (16)
service provider and otherwise. Then we have the following Based on the constraints in Section V-A, the user throughput
constraints. maximization problem can be formulated as follows:

Fig. 5: Sets illustration at B$ and user.

jecys

Tty =1, jECHicN. (10)

We now show that the above BS selection (user schedulingPPT-IA™": Max  ruyin
variables can be incorporated infd (1)l (2), andl (3) in our 1A S.t.  User scheduling: [X9)._(1LO);
scheme. To incorporate BS selection variablegin (1), wel nee IA constraints: [(TI1),[(13) [(A4)[(15);
to first clarify ZP®, i.e., the set of BSs that are interfered with Minimum rate constraints[(16).
by useri. Based on the definitions @Pbs, CP*, andy,;, we o ) ) ) )
have OPT-IA™" is a mixed integer nonlinear programming
bs __ mbs o —1 i€ (Cbs (MINLP). To eliminate the nonlinear terms in the constrgjnt
L7 =07 Ulj gy = 1,j € G} we employ theReformulation-Linearization Technique (RLT)
Then, [1) can be rewritten as: in [28]. Specifically, to eliminate the nonlinear term; - y;;
in the constraints, we defing,; = «;; - y;;. This replacement

Bi + Z ij + Z aij -y =0, €N (11) requires to add the following two constraints:

jeOLs jecys ) .
OS)\Z']'SO(Z'J', jEC;bb,Z EN, (17)

Likewise, for [2), we need to first claritg;*", i.e., the set of _ e
users that are interfering with BS Based on the definitions @ij — (1 —vi) - K < Aij <y - K, j e ie N. (18)
of O}, Ci*', andy,;, we have Similarly, to eliminate the nonlinear term; - y;; in the
constraints, we defing;; = 3;-y;;. This replacement requires

I gy =1Lie € b (12) to add the following two constraints:

Depending on whether usérin O or Cj**, () can be 0<py<Bi JECTieN, (19)

rewritten as: b
k#i ﬂi_(l_yij)'KS,uiijij'K, jGCiS,ieN. (20)
Qij < Z Bk + Z Be Yk, €O, jEM, (13) By replacing\i; = ay; - yi; and pi; = f; - yi; in the 1A
e ke constraints[{d11) [(A3)[{A4)_(L5), we have the followingekr

ki IA constraints:

g S Y Bk Y By, 1€CTTjEM (14) Bit D ai+ Yy Aj=oi, Gi€N, (21)

keo;sr kec;sr jeo?s jec})s



(61,02, -+ ,0N), Where &; is the number of desired data

streams at user. At useri, denoteS; = {8F:1<k<6}

as the set of its desired data streams #@fichs the decoding

vector of its streans}. At useri’s intended BSj, denotet)

as the precoding vector of usés streams®. Then we have

the following theorem:

Theorem 2: For downlink IA schemg if its DoF vector

O (61,09, - ,0n) satisfies[(L),[([2), and13), then it is feasible

user 1 user 2 user  user  user user user  user user N/ at the physical |ayer.
Fig. 6: Downlink communication in a cellular network. A proof of Theoren{R is given in AppendiX]D. Based on
Theoren{2, we have the following observationsmoand 7:
ki « For useri € NV, if it can sendo; data streams to its BS
ay < Z By + Z prj, i€ OV jeM, (22) j in the uplink tra_nsmlssmn, _then it can rgcewgdatg
KEOsr kecy streams from BS in the downlink transmission, and vice
versa.
ki o For the downlink problem, the precoding and decoding
ANj < Y0 Bet Y g, P€CTTiEM, (23) vectors in# are the same as the corresponding decoding
keOj=" kecy=r and precoding vectors in, respectively. That is, stream
) sk's precoding vector is strearf’s decoding vector and
Z (03 = Aij) + Z (0i —ay) <K, jeM. (24) stream 3¥'s decoding vector is stream’’s precoding
iecysr icoys vector.
Then, OPT-IA*" is reformulated as follows: « Since the uplink and downlink have the same IA de-

sign space, the downlink user throughput maximization
problem has the same formulation as the uplink prob-

OPTIA Max 7 lem. Therefore, the downlink has the same optimal user
St User schedulingf{9)._(ILO); throughput as the uplink.
IA constraints: ,L(1I8 9 0),
%)) %))%3))%4)) VIl. PERFORMANCEEVALUATION
Minimum rate constraints[_(16); In this section, we first use a case study to illustrate how

IA scheme works in a cellular network. Then, we compare
whereN, M, CPs, O, Ci*r, O}, and K are known;z;;  the user throughput performance of our IA scheme against
andy;; are binary variableSimin, s, a;j, 5, Aij, andp,;; two other schemes: “no-IA” scheme and “crude-IA’ scheme.
are non-negative integer variables. In no-1A scheme, a subset of subcarriers is allocated to each
OPT-1A is a mixed integer linear programming (MILP).user for its data transmission, with each data or interferin
Although the theoretical worst-case complexity to a gelnersiream occupying a unique subcarrier at each BS. That is,
MILP problem is exponential [29],[30], there exist highlythere is a complete absence of overlapping of interfering
efficient optimality/approximation algorithms (e.g., bch- streams on any subcarrier. We denote the user throughput
and-bound with cutting plane5[31]) and heuristics (e.g-, smaximization problem under no-lIA scheme as OPT-nolA and
quential fixing algorithm[[32]). Another approach is to empl its formulation is given in Appendik]E. In crude-IA scheme,
an off-the-shelf solver such as IBM CPLEX optimizatiora subset of subcarriers is allocated to each user for its data
solver [33], which can successfully handle a moderatedsizgansmission so that at a BS, each of its desired data streams
network. As the main goal of this paper is to study IA fronis on a unique subcarrier while the interfering streams are
a networking perspective rather than developing a specifitowed to overlap. This problem is similar to ours except
solution to an optimization problem, we will employ the IBMthat each data stream in our IA scheme is projected onto
CPLEX optimization solver to obtain numerical results ie thall subcarriers and there is an optimization on the design

next section. of directions for intended data streams and interferinga dat
streams. In light of this key difference, we denote the user
V1. DUALITY BETWEEN UPLINK AND DOWNLINK throughput maximization problem under crude-IA scheme as

In the previous sections, we studied an IA scheme for ﬂ%PT-crudelA and its formulation is given in Appendik F.

uplink of a cellular network. We now consider the downlink ) )

case. We will show that the IA scheme developed for uplinf- Simulation Setting

can also be applied to downlink and therefore the downlink Without loss of generality, we normalize all units for

user throughput maximization problem can be solved in thiéstance, time, bandwidth, and data rate with appropriate d

same way as the uplink problem. mensions. We consider cellular networks withi(®0 x 1000
Consider the downlink communication as shown in Elg. Grea for three cases: (i) 4 BSs with 100 users; (ii) 9 BSs with

which has the same setting as the uplink in Fi§j. 3. FA00 users; and (iii) 16 BSs with 100 users. Fiy. 7 illustrates

the downlink, denoter as its IA scheme with DoF vector our BS deployment for the three cases. In each case, to mimic
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Fig. 7: Cellular network instances with 4, 9, and 16 BSs.
1000 T T T T T . .
] - ) 9 solve the OPT-nolA problem for this network instance, we

obtain the optimal objective value of 6. This indicates that
our IA scheme can increase the user throughputl by%

as compared to the no-IA scheme. We also solve the OPT-
crudelA problem for this network instance, we obtain the
optimal objective value of 9. This indicates that our IA stiee

can increase the user throughputbd/ as compared to the
crude-IA scheme.

800~

600
500~

a00- We now show how our IA scheme works in this network
instance. Fig[J]8 shows the user scheduling result and inter-
ference pattern in the IA solution, where a solid arrow line
represents an established link from a user to a BS and a dashed
A N line represents an interference. Table Il summarizes the 1A
St e e behavior at each BS. In this table, the first column lists the
of ‘ ‘ ‘ L US4, ‘ ‘ , L2 BS ] BSs in the network; the second column lists the number of
0 100 20040000 600 700 80000 100 users that choose this BS as their service provider; the thir
Fig. 8: User scheduling at each BS and interference patteignlumn lists the number of desired data streams at this BS,
where each user has 13 data streams to its BS; the fourth
column lists the dimension of the subspace for the intereri
the BS deployment in real-world cellular networks, we placgireams at this BS, which is 256 minus the number in the
the BSs in grid. The 100 users are randomly distributed in tit@rd column; the fifth column lists the number of undesired
area with a uniform probability. A user can be in “active’interfering streams (from neighboring interfering useatshis
or “inactive” state, with equal probability. When active, &8S; the sixth column lists the interference overlappingprat
user has a persistent traffic for transmission; when inactiwhich is the ratio of the fifth column to the fourth column. In
a user is not served by any BS. For any comparison studlye sixth column, a value greater than 1 indicates the exdste
the state of a user is the same under all three schemes.ofdnterference overlapping. The large the ratio is, the enor
assure that each user is within the service area of at lebsthas been achieved at the corresponding BS.
one BS, we set the transmission range to 360 for the 4-BS , _
case, 240 for the 9-BS case, and 180 for the 16-BS case. ThOW let's take a look at the row for BS 5 in Talilé Il as an
interference range is twice of the transmission range aad fi<@MPle. As shown in Figl8, BS 5 is used as service provider

number of subcarriers available for data transmission B 28 12 users. Since each user has 13 outgoing data streams,
unless otherwise specified. the number of desired data streams at BS 5 is 156. Thus, the

dimension of the subspace for the interfering streams igupp
bounded by 100 (i.e256 — 156). As shown in Fig[B, BS 5
B. A Case Study is being interfered by 17 users and thus has 221 (i&x
We use the network instance in F[g. 7(b) to illustrate how3) interfering streams. Therefore, the interference oygilag
IA works to improve throughput. Among the 100 users, 55 ghtio at BS 5 is221/100 = 2.21 (as shown in the table). As
them are active and 45 of them are inactive (inactive users amdicated in Table]l, interfering streams are squeezed in a
not shown in the figure). The number of subcarriers availalbideduced-dimensional subspace at most BSs in this network
for IA is 256. By solving the OPT-IA problem for this networkinstance, making it possible to transport more data streams
instance, we obtain the optimal objective value of 13. Wathéhan the no-lA and crude-lIA schemes.

3001

100




Probability (gain < x)

10

TABLE II: IA behavior at each BS in the case study.

BSj # of users # of . dimension of . # of Interfe.rence .
data streams interfering streams interfering streams overlapping ratio
BS 0 4 52 204 156 0.76
BS 1 8 104 152 208 1.37
BS 2 5 65 191 260 1.36
BS 3 3 39 217 247 1.14
BS 4 2 26 230 494 2.15
BS 5 12 156 100 221 2.21
BS 6 9 117 139 104 0.75
BS 7 4 52 204 325 1.59
BS 8 8 104 152 156 1.03
I%mplrlcal or 4ttt < 150 —=— Gain over crude-IA in 4-BS case
= —a— Gain over crude-lA in 9-BS case
g 125+ —e— Gain over crude-lA in 16-BS case| |
2 e -~ Gain over no-IA in 4-BS case
2| T -+~ Gain over no-lA in 9-BS case
<1004~ Bl -0- G?in over no-lIA in 16-BS case .
mean: 30,8% /<« mean: 40.1% g . h\h"‘*«--__:’: -------- e a
mean: 34.7% E 75F Tl — T B
© [ Te=——p- -
()]
3 50, 1
5 ‘§ 2
3 o s
£ 257 : 1
——4-BS case ©
——9-BS case =
= 16:8S case 64 128 256 512 1024
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Fig. 11: Impact of subcarrier number on the gain of our IA

Fig. 9: Throughput gain of our IA scheme over crude-lAcheme.
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using CPLEX optimization solver and obtain their optimal
objective values. Fig:]9 presents the throughput gain of our
IA scheme over crude-IA scheme in three cases (4-BS, 9-BS,
16-BS), wherez-axis is the throughput gain in percentage
(i.e. the ratio of the optimal objective value from OPT-IA to
that from OPT-crudelA minus one and times 100) and the
y-axis is the cumulative probability. From the figure we can
see that the throughput gain ranges from 10% to 70% in the
three cases, indicating that our IA scheme always outpagor
crude-IA scheme. On average, the throughput gain of our IA
scheme over crude-IA scheme is 40.1% in the 4-BS case,
34.7% in the 9-BS case, and 30.8% in the 16-BS case. In the
same format, Fig._10 presents the throughput gain of our IA
scheme over no-l1A scheme. On average, the throughput gain
of our IA scheme over no-IA scheme is 96.1% in the 4-BS
case, 82.0% in the 9-BS case, and 69.9% in the 16-BS case.
From Fig.[9 and Fig_0, we can see that our IA scheme has

Fig. 10: Throughput gain of our IA scheme over no-lAlgher throughput gain over no-IA scheme than over crude-

scheme.

C. Throughput Gain of Our IA Scheme

To study throughput gain of our IA scheme over cruddghe impact of subcarrier number on the throughput gain of
IA and no-lA schemes, we generate 200 randomly netwodkir IA scheme. We generate 200 randomly network instances
instances with 256 subcarriers. For each network instamee, with the number of subcarriers varying from 32, 64, 128, 256,
solve its OPT-IA, OPT-crudelA, and OPT-nolA formulation$12, to 1024. Figl_11 presents the throughput gain of our IA

IA scheme. This is not surprising, as the no-IA scheme does
not allow any alignment whereas the crude-lIA scheme allows
alignment of interference on each individual subcarrier.
Impact from The Number of Subcarriers. We now study
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16-8S case scheme, we developed an uplink user throughput optimizatio

120

framework and demonstrated the throughput gain of our IA

3100 scheme at network level. For the downlink problem, we
280 showed that the 1A scheme developed for the uplink can also
% 60 be applied to the downlink. Furthermore, the downlink user
£ throughput maximization problem has the same formulation
e ‘ ‘ ! ‘ as the uplink problem and therefore can be solved in the same
20 g 209 —o— Gain over no-IA 20 m way. Although the IA scheme was designed in the frequency
—— Gainover Crude-IA 8~ Gaover Crude-1A —=—Gcanowr CudelAl  domain, it is a general framework which can also be used in

% 5?186[’ nl]r?\ober 1% % 5?Jser m11r?10ber 10 % 5(l)JSeI’ nl]r?10ber 1% the temporal and Spatial domains.

While the benefit of IA has been recognized in theory, there
Fig. 12: Impact of user density on the gain of our IA schemare a number of issues needed to be addressed in order to use it
in practical cellular networks, including CSI acquisition the
transmitter side, transmission/reception coordinatiomoiag
scheme (averaged over the 200 network instances) versustfftenodes in the network, and timing and frequency synchro-
number of subcarriers in 4-BS, 9-BS, and 16-BS cases. Rfization among the transmitters. Obviously, these issLi#ts w
example, when the network has 4 BSs and 64 subcarriegsmpromise the throughput gain of the proposed IA scheme. In
the average throughput gain of our IA scheme is 65% oveur future work, we will develop practical frequency-domai
crude-IA scheme and 121% over no-IA scheme, as shown| solutions that can address those issues while maximally
Fig. [11. From the figure we can see that, as the numbergtserving the throughput gain of 1A in real-world cellular
subcarriers increases, the throughput gains of our IA sehefetworks.
over crude-lA scheme converge to 37.6%, 35.3%, 31.5% in
4-BS, 9-BS, and 16-BS cases; and the throughput gains of 1A APPENDIXA
scheme over no-1A scheme converge to 86.7%, 76.6%, 64.7% PROOF OFLEMMA [T]
in the three cases. It should be noted that when the numbgr Oéased on the definitions &5, £, and €44 we have
subcarriers is less than 64, crude—I_A and no-IA schemesd yleési — £Bi |y (Ujezbsz”')- According to the precoding
zero throughput for most petwork Instances. . vector construction procedure, we know that the constedicte
Impa_ct of User Density. Fmal!y, we study the impact of user recoding vectors in€?: are independent of any channel
density on the throughput gain of our 1A sc_heme OVer No-I atrices (se€e16)), whereas the constructed precodingrgect
and crude-lA schemes. For each network instance (see, €Pg4ii are determined by the channel matrices (gke (7)). Given

F_|g. [d), instead of _fl_xmg user number to 100, we Cons'd‘ﬂﬁa the diagonal entries in the channel matrices are drawn
different user densities: 25 users, 50 users, 100 users, Ay complex Gaussian distribution, we have

150 users (within thel000 x 1000 square area). For each
user density, we generate 200 network instances and compute dim(£%) = dim(EP U (UjGI?SEA”'))

their averageql gain of our IA schgme. Figl] 12 presents the = dim(£B) +dim(ujezb55,4ij)' (25)
throughput gain of our 1A scheme in 4-BS, 9-BS, and 16-BS :

cases, where-axis is the number of users in th600 x 1000 Based on[{7), we know that the precoding vectors it
square area anghaxis is the averaged gain of our IA schemés determined by the channel matif;;. Since the channel
over the 200 network instances. From the figure we can seatrices in{H;; : j € ZP*} are randomly independent of each
that the gain of our IA scheme over both no-lIA and crudether, we have
IA schemes becomes more significant as the number of users . Ay . A

increases. As we explained in Section 111, this is becausemo dlm(UjGIwbsg )= Z dim(E7). (26)
users can achieve more alignment at each BS, thereby leaving
larger subspace available for desired data stream recegtio To analyzedim(£4#), we divide the precoding vectors in
each BS. Therefore, our IA scheme is more suitable for&' into different groups based on the their corresponding

hs
JELY®

i
dense network. value of i’ in @): {€% : i’ € IT,i’ # i}. Thus we
Ay A oAl AT yy—lyy. eBy

VIIl. CONCLUSIONS ANDFUTURE WORK have &% = Ui'elysrg 7, where &% = Hj;"H;i &

H . . 1 Bi/ B/ H .
This paper studied IA in cellular networks from a networkWith €7 C £7. Based on the precoding vector construction

ing perspective. We developed an OFDM-based A scherfgPcedure, we have

for cellular networks and proved its feasibility at the phys . LA By O eB, | (O oAl

ical layer. Specifically, we showed that as long as the cor- dim (&%) = dim(£7) = [£7] = [£7], - (27)
responding IA constraints are satisfied, there always exighere (a) follows from our mild assumption that channel
precoding and decoding vectors so that each data streamatrix has full rank[[34, Ch. 1]; (b) follows from the fact
can be transported free of interference. Such an IA schethat the precoding vectors ii® are constructed by6); (c)
allows us to study network-level throughput problems witho follows from the fact that in our 1A scheme, each interfering
getting involved into the onerous design of precoding arsireams inA;; is aligned to a unique interfering stream/y
decoding vectors. By incorporating user scheduling intoldu  with ¢/ # 4.
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Based on the definitions and{27), we have W > dim({Hjuf :uf € £5})

i ;éz ’il;ﬁi ) ie']’jusr
dim(gAij):dim(oﬁ/ﬁ;srsf‘my @3 dim(EMS) = 30 jEAS] = g, 3 dim(E%)
eIy ireTusr il
J leﬁubr
(28) ©
i = Z Oi, (31)
where (a) follows from the fact that the channel matrices

{Hji» @ &' € I*,i" # i} are drawn complex Gaussian e

distribution and independent of each other.

Based on((25)[(26), and(28), we conclude where (@) holds due to the random independence of the channel

matrices{H;; : i € 7;*'} and |QJT| < K; (b) follows from

dim(£%) = dim(E8") + dim(ujezbsé”“ij), our mild assumption thakl;; has full rank; (c) follows from
B, Coa Lemmall and&Si| = o;.
=17+ Z dim(£7) Based on[(Z9) and (81), we have
JjeTPs
= e8|+ 3 et dim(QT U Q') ¥ dim(QT U Q')
gl
— |55i| e ( ) dlm(QT) + dlm(QI Eff)
= , o -
This complete the proof. = ; o; + dim(Qj), (32)
APPENDIX B where (a) and (c) hold due t5{29); (b) holds duelfd (31).
PROOF OFLEMMA Combining [32) and Lemnid 1, we conclude that Thedrem 1

Consider a B§ € M as shown in FigJ4(b). Deno@;*"  holds. This completes the proof.
as the set of aligned interfering stream directions. Denote
QE’DCf as the set of predefined interfering stream directions.
Denote QI B as the set of “effective” interfering stream

dlrect|ons Then we have

APPENDIXC
PROOF oFPROPOSITIONT]

Q?A“ = Ujequs {Hj;ub - uf € g4}, We show that if the precoding vectors satisfy constraiht (8)
I, Def ’ ok B then there exist a set of decoding vectors that satisfy (d) an
Qi = Uiery={Hjiuj 1 uj € E7}, @) in Definition[1. Specifically, we argue that if constraff
QP = Ujeguer {(Hjuf - ulb € £9\g4w}. is satisfied, then the following linear system is consistest,
' ’ . the system has at least one feasible solution):
Since&Bi C £9\ &4, we haveQif'DCf C QE?EH. Based on

the precoding vector construction procedure we know thiat f(vl_)THjiuf =1,
eachH ;;u* ¢ QI Al there exists &1, uf € Q)" suchthat W y NN , P

. Ty R . . < < ;1
H,,u* := H,,u’ . Consequentially, we ha\r@arn(QI Ally ¢ (V) Hjewp =0, & € TR UL 1< K < 0w, (8, F) # (5 k)

I,Def
span(Q; " ). Thus we have wherev! is variable vector whildT’s andu’s are known.
e T I
bpan(QI) _ Span(QI Eff | QI Ah) . Span(gl Eﬁ). (29) Based on the definition ij and 9, we know

We now argue that the signal subspa@§ is linearly Q;,f U Qi. = {Hji'ui‘c// = T U, 1< E <o}
independent of the “effective” interference subsp@%EH
at BS j. This is true for the following two reasons. First, It is easy to see tha@T QI is the set of coefficient-
based on the given constraifid (3), we hai@gr U QI Eff| = vectors of this linear system Moreover this system has
ZZGTUS, o; + Zlezus, (0i —a;j) < K. Thus, the nUmber of free variables and at mogf linearly independent equations.

drrectrons in Q;p U QI Eff is bounded by the total avarlable'f we can show that vectoH”u’C is not a linear combination
dimension (.., the number of subcarrigky. Second, the Of other vectors Q7 U QJ, then this system is consistent.
channel matricesH;; : i € 7" UZ!'} are frequency- Next, we argue this point by contradiction.

selective and are randomly mdependent of each other. Thes§UpI005e thakl;;uj is a linear combination of other vectors
properties of the channel matrices are attributive to theox 1IN @ U Q}. GivenHj;uj € QF, we have

environment. For these two reasons, we have

dim(Q U Q)"") = dim(Q}) + dim(Q;™).  (30)

To characterize the dimension of the signal (desired dat% di h di heref
stream) subspace at BS we have is contradicts the given condition if]l(8). Therefore, we
conclude that the linear system is consistent. This complet

dim(Q}) = dim(U;erue {Hypuj : uf € £%}) the proof.

dlm(QT U QI) < |QT| + dim QI Z o+ dlm(QI)

7IeIusr
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APPENDIXD Therefore, the throughput maximization problem under no-

PROOF OFTHEOREMI[Z IA scheme can be formulated as follows:
We prove it by construction. Consider an uplink 1A scheme
7 with its DoF vector(oy,09,- -+ ,o0n) = (61,02, ,0N)-
Since (64,62, -+ ,0n) satisfies [(L), [2), and)3), based on OPT-nolA: Max  rmin
TheorentlL, we know that the uplink IA schemés feasible. St [18), (3b),[(36);

Further, for each streanf in uplink IA schemer, there exist

a precoding vecton? and a decoding vector! that satisfy Wherew;; ando; are variables; whil&}*", O}, N, M, K

@) and [%). are known a priori based on the network topology and setting.
To show that downlink IA schemgis feasible, we construct

each streanﬁf’s precoding and decoding vectors as follows:

ul = vl andv} = uf, wherev) andu} are decoding and

APPENDIXF
NETWORK THROUGHPUTOPTIMIZATION UNDER
J J

precoding vectors in the uplink 1A schemeand can been CRUDE-IA SCHEME
constructed |n|]6) anﬂ?)_ Now we argue that by using thesewe formulate the same network throughput problem under

precoding and decoding vectors, each Ste%mn downlink the crude-lA scheme. In the crude-lA SCheme, a subset of
IA scheme# can be transported free of interference. subcarriers is allocated to each user for its data trangmiss

We first check the transfer function of streatnas follows: such that at each BS, each of its desired data streams is on a
unigue subcarrier while the interfering streams are altbtee
(V3 )THﬂﬁl w (u I'C)THjiVl' © (v )THJZU- ]T © 1, (33) overlap.
Recall thatK is the set of subcarriers in the network and
w;y IS a binary variable indicating whether ti¢h subcarrier
i s used at usef. Then, the number of outgoing streams from
can be expressed as

where (a) follows fromi) = vi andv¥ = uf; (b) follows
from the fact thaH,; is a dlagonal matrix, i. e(Hﬂ) =H,
and (c) follows from [(#).

We then check whether the interference can be completé‘lse”

canceled. For streanf, it suffers from interference from the o; = Z wik, 1€ N. (37)
streams that correspond to precoding vectd;s with j' € kek
Ul 1<l <>, e, o, and (5, 1) # (j,1). Based  Consider an BS € M and its serving users (i.e. users in
on (8), we have 7;). To avoid transmission conflict, at most one of the users
N " ’ ’ in 7:°* can use théth subcarrier for data stream transmission.
(V5 TH Al = ) HvY = [(v0)THubT =0, 34) 1T

Thus we havey . ieTper Wik < 1. If none of the users n‘T“Sf
forj e U {j}, 1<I' <Y, ver, ovs and(j, 1) # (4,1).  uses thekth subcarrier for data stream transmission, then this
(@3) and [[3#) assure that each stre&m(i € N,1 < k < subcarrier can accommodate any amount of interference (i.e
4;) can be transported free of interference in the dOWﬂ|In% Zzezw w;r < 1). Combining these two cases, the inter-
Therefore, we conclude that IA scherfeis feasible for the ference avoidance scheme can be modeled by the following

downlink. This completes the proof. constraint:
1 .
NETWORK THROUGHPUTOPTIMIZATION UNDER NO-IA i €L
SCHEME Recall thatC;Sf is the set of users within the transmission

In the no-IA scheme, a subset of subcarriers is allocatedr@nge of BSj andO}*" is the set of users within the interfer-
each user for its data transmission such that at each BS, eaghe range of BS. A user may be within the transmission
data or interfering stream occupiesuaiquesubcarrier. That range of multiple BSs and we useg; to indicate which BS
is, there is a complete absence of overlapping of intergeriis serving for it. Thus we havé™" = {i :i € C}*", x;; = 1}
streams on any subcarrier. Dendfeas the set of subcarriersand Z;** = O} U {i : i € Cj*',z;; = 0}. Then the inter-
in the network. Denotev;;, as a binary variable to indicateference avoidance constraints in the network can be exqutess
whether thekth subcarrier is used by useér Specifically, as

w;, = 1 if the kth subcarrier is used for data transmission a 1 1 .
s — — ) w; — 0 <
useri andw;, = 0 otherwise. Thus, the number of outgomgz Tijtik + Z (1= @iy i + N Z w1, jEME

CUSI ieclvlsl' Zeollsl
streams from user can be expressed as I I (39)
0i = Z wik, €N (35) To eliminate the nonlinear term;;w;, in (39), we define
ke a new variable as follows:

At BS j € M, a subcarrietk € K can be used by only . C st

one user within its transmission range and interferencgaan Gijk = Tijwin,  J €M, T E€CT k€K (40)
Otherwise, it will cause interference collision or ovepan. Given that bothz;; andw;;, are binary variables, it it easy

Thus, we have the following constraints: to verify that constrain(40) is equivalent to the combioat

. of the following three linear constraints:

ST owa<l, kek.jeM. (36) 9

1€T;UZL; Qijk < Tij, 1€ C;-lsr,j e M, kek. (41)



(42)
(43)

Qijk < wig, 1€CT,jeMkek. [13]

Qijk > Tij +wik —1, 1€C,j e M kek.

Replacingz;;w;, by gi;, in interference avoidance con-[14]
straint [39), we have

N-1 1
TZQijk‘f’N Z wip <1, jeMkek.

eCusr icCusTOusT
i€Cy iECTUOY

[15]

(44) [16]
Therefore, the throughput maximization problem under
crude-IA scheme can be formulated as follows:
[17]

OPT-crudelA: Max
S.t.

Tmin [18]

(9). [16). [@4).[(A1) [E32)CA3LIBT),

wherez;;, wir, 0;, ¢ijr, andry;, are variables; while?;‘sr,

O, N, N, M, K are known a priori based on the network?®!
topology and setting. [21]
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