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Abstract—In this work, we consider supplementing geometric
dimension metric for multi-user MIMO scheduling in cogniti ve
two-tier networks. In shared spectrum use between the macieell
and its underlay femtocells, to suppress the cross-tier ietfer-
ence on the scheduled macrocell users(MUs), the femtocellSB
produce high interference to MUs shall not reuse the spectno.
It forms spectrum holes scatter over macrocells coverage ah
degraded the efficiency of spectrum reuse. We propose that ¢h
users adjacent to each other are picked as the receivers of ¢h
macrocells downlink multiplexing streams, so that spectrm holes
are aligned spatially. Simulation shows that it can signifiantly
improve the throughput of femto-tier.

Index Terms—spatial reuse, scheduling, power control, coor-
dination mechanism, aggregate interference, femtocell.

I. INTRODUCTION

multi-user MIMO scheduling schemes aim at its local tier
throughput without the concern of its underlay femto-tiers
SR. These schemes exploit the channel state information and
schedule MUs scatter over the coverage area of mactdcell[6]
The stochastically located MUs force their nearby FBSs to
backoff and cause spatial uncorrelated spectrum holeshwhic
form Poisson hole process [2]. And these scheduling schemes
may cause each MU to occupy a spectrum hole. When large
amount of MUs are selected simultaneously to accommodate
with massive MIMO, the SR opportunity for femtocells is
squeezed fiercely.

We proposed geographic location aware multiuser MIMO
scheduling scheme which allows high spatial reuse effigienc
without the compromise of macro-tiers performance. It pick
the MUs adjacent to each other so that the spectrum holes

The femtocell and massive MIMO (a.k.a. large-scale MIM@re aligned spatially as shown in Fig.1b. Thus, the FBSs
system [[1]) technology has been emerged to address #ir a large area can still be active and reuse the spectrum.
explosive demands for mobile data by providing higher spatiThe impact of macro-tiers massive spatial multiplexingtto i

reuse(SR) and spatial multiplexing respectively. In thirky

underlay femto-tier is minimized.

we consider an efficient way to combine these promising The rest of this paper is organized as follows. In Section

technologies.

II, we introduce the system model. Then, we review a con-

When randomly deployed femtocell BSs(FBSs) coexist Witfentional multi-user MIMO scheduling scheme and adopt it
macrocells, they may produce strong interference to mackgs paseline in our framework. By analyzing the impact of
cell users (MUs) in shared spectrum scenario. The cogniti¥gheduled MUs geometric location to femto-tier in Spatial
sensing mechanism enables FBS to abandon a SR opportupiisson Point Process (SPPP) model, we propose an multi-
if the interference exceeds a maximal tolerable level[2], [ yser MIMO scheduling scheme with spectrum hole align-
This process produces a spectrum hole around the schedyggt via ideal geometric information. Further, from preati
MU and protects MU from cross-tier interference, as show gynsiderations, we improve it by exploiting the interferin

Fig[1a.

FBS information so that it doesnt have to rely on the exact

Due to the limited physical size and cost, the numbgfeometric information. Section IV gives the simulationuies
of antennas at each user is small. To improve macrocgllg section V concludes the paper.

throughput, multi-user MIMO allows transmission to multi-
ple MUs simultaneously. Then, the throughput of macrocells

depends on how many antennas the macrocell BS (MBS) has

Il. SYSTEM MODEL

and how many users can be scheduled simultaneously. Thgve consider the downlink scenario of a two-tier network
massive MIMO technology allows very large antenna arrayhich consists of a single macrocell and its underlay femto-
mounted at MBS and provides extreme high spatial degreedefils. The MBS has a circular coverage regirof radiusR.
freedom(DoF)[[4], [[1]. With the awareness of users channglserves MUs which distributes according to homogeneous
state and the cooperation among macrocells, the signalS®PP with intensity of\;;. The set of MUs is denoted as
MU can be boosted while the inter-stream interference can pg and has mean cardinality o¥,; = E [M]|] = \ymR2.

mitigated [5]. In this case, the interference from FBSs bae®

The MBS is equipped withV; transmit antennas while FBS

dominate at MU. Thus, it further implies the significance odnd each user has single antenna. Thus, the multi-user MIMO

femtocell cognitive sensing.

schemes allows simultaneous transmission to a set of sched-

The inter-tier interference can be canceled by exploitinged MUs, M, € M. The number of the spatial multiplexing
DoF unused by signal [4]. However, it requires both MBS angtreams isV, = | M,|. We assume thaV, < N; so that there
FBSs have abundant of antennas. The conventional ma@ocefiuld be no inter-stream interference.

The authors are with university.
The work is funded by project.

Each FBS serves a FU in closed access mode. The femto-
cells’ location distribution follows SPPP of density-. Denote
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The received signal at the scheduled MUe M, is

. Ym = 7";1%/(2) h,, Vs + Z wl/Q T;fz)/?f Gm,fSf T 1 1)
fe€Fa

wheres is the Ny x 1 signal vector constituted by the signals
desired by each user it,. E [ss"] = 3-Ix,, wherely, is
N; x N, identity matrix.V is the N; x N, precoding matrix
with the scheduled MUs’ precoding vectovs,, m € M,,
as its columnsh,, € C>*Mt js the MBS-to-MUms signal
channel fading coefficient vector. We assume Rayleigh tadin
for all channels. Then, the channel fading coefficients dte w
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For indoor-to-other femtocells indoor propagation, we as-

sume double-wall penetration loss. The distance between FU
in femtocell f and BS in cellz € {0}UF is denoted as

600 -

400

% 200 r¢ .. And small scale channel fading coefficient between FU
£, in femtocell f € F and FBS in femtocelk is denoted as
8 oo . g,k FBS in femtocell f transmits signals; for its user,
> ) E |sf|j = py. The received signal at the user of an active

40T MBS femtocell f € F, is
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(b) The FU suffers the intra-tier aggregate interferefge =
Fig. 1. The region with dash-line boundary shows where FB#astive > 1/)27"]7‘,:|gf,k|2pk. It has SINR of

with high probability. Spectrum-holes scatter over thenplén conventional keF, k+#f
scheme in (a). Spectrum holes aligned in our proposed scki@mPartial of

FBSs which shall be inactive are shared among multiple sdeddMUs. 7";?|gf.f|2pf
’Yf = _ 2 21 .
> wrf,glhfvm| pO/Ns + I F+ 0'7%
meM,
the femtocell set ag. Femtocells utilize macro-tier spectrum
opportunistically. The scheduled MUs can transmit a beacon |||, M ULTI-USERMIMO SCHEDULING WITH
to let their surrounding FBSs be aware of the interference SPECTRUM-HOLE ALIGNMENT

to them. Similar to the protection of multicast primary wser

in cognitive network[3], the femtocell shall not transmit i 10 achieve high macrocell capacity, opportunistic user

its interference power to any of the active MUs exceedsSgheduling can leverage multi-user diversity (MUD) gaire W
thresholds consider resource-level fairness among MUs that they have
o : equal opportunities to be scheduled in long term. Only the
MSSSIg:nQdBe; ?nf?;reffag%?b[}eggte the dw:nczensizzegﬁall—scale fading of channhl,, is exploited by the scheduler.
follovT\:?n tactors for cﬁannel model :ﬂh”;“gn‘qa" scale fadinThe pathloss is normalized. Or else, the cell-center MUs can
9 o get far more scheduling opportunities than their cell-edge
factor of the FBS f-to-MU ms interfering channel,, s, counterparts
the pathloss factory, and the wall penetration power loss For the optimal user selection, every user combination sha

for indoor-to-outdoor propagatio. FBS has the constantbe tested and the one with highest capacity shall be chasen. |

transmit powerpy. Then, the set of active femtocells whic . factorial(Nar) .
hhas complexity offactorial(Ns).factorial(NM7 N For massive

satisfy the interference constraint is MIMO with large user and stream number, the computational
complexity is too high. Thus, we adopt an iterative greedy
Fo = {f eF "l/)?",;l?(07f|gm7f|2pf <4, Ym € Ma} user selection framework.
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Denote the scheduled user ith iteration asM, (i). To From [3), we can see that this thinning process is inho-
suppress the interference leakage produced bytthstream mogeneous. Sincgy,, (X;) < Bx,, (X;) for | X; — X,,| <
to all other scheduled MUs, we consider the procedures withi; — X,,,|, the punch is expected to be more intensive close
Signal to Leakage and Noise Ratio (SLNR) criterion: to the locationX,,. It implies that by statistics, the femtocells
1) SLNR calculation: Since the remaining MUs tdackoff behavior forms a spectrum hole centered at each
be scheduled is not yet known, the leakage channel soheduled MU. Note that due to channel fading, the potential
ith iteration can be temporally represented Iﬂ/(L” = active FBS density decays gradually when approachiing
T] T \When choosing and the spectrum hole has no cutting edge. The expectee activ

hMa T h./\/la E AR h./\/la i
LYVIEY @) (i—1) femtocell number is

the first MU, there is no leakage information aﬂiﬂf) is
empty. For any usern with a precoding vectov, it has SLNR E H}'{@ (Xm)H

. ONH 1

) = ((95) "B 1) () [ (5, X0 sy 2] < )
Denote the maximal eigenvalue of matrid" as

¢ (T) and the corresponding eigenvector &T. To —/ AP 11 Bx,, (X)dX

maximize SLNR, v shall be VT,%), where T5:;> = XER XemM§Y U{m}

-1
((H@)HH(LL) +INt072L> (hmHhm). And, the resulting ~ Thus, to minimize the impact to underlay femto-tier, the
. . newly scheduled MU shall berg max E [ffé’” (Xm)H.
SLNR is7{) = ¢ (T,S,?). _ _ mem? _
_ . 5 Since the surrounding of new MU has lowk,, while the
2) Candidate MU set: Denote the candidate MU sew% )

. (-1, the
which shall be the subset of all unscheduled Mulsg) - , Me
{mlme Mym £ My (k) k=1,2,- i—1}. new user picked by MBS could be the one closest to the

3) MU selection: We can evaluate the SLNR of all candidafaé('snn.g ones, intuitively. . . .
MUs and choose the MU with maximal SLNRVI, (i) — Obviously, the user selection by only geographic factol wil

() deprive the MUD gain for the macrocell and be solely bene-
arg max, fm - ficial for femtocells. Thus, the tradeoff between the expéct

vicinity of existing scheduled MUs has IowF

meM
Rgpeat above steps until a; MUs are selectedM, = active femtocell number and MUD shall be made. We consider
{Mo (1), Mg (2),-+ , Mg (N} choosing from the users in the neighboring region of existin

When the scheduled MU set M, is de- scheduled users. Th_e region is an circular area with radius
termined, the final leakage channel for eac®(Y) and centered ak; where is the geometric center of all
scheduled user can be known ail(NS) . = previously scheduled MUM,(Z’U. Thus, the candidate MU

L, Mq(2)
o inith >2) i
[hMa(l)T hMa(iq)T hMa(iJrl)T hMa(NS)T ?@t insth round ¢ > 2) is
So the evental precoding  vector for ith MO = {m cM “Xm ~X,|<Dm¢ Mg—l)} (4)
scheduled MU is VTyu ) Where Ty, =
H - . . () .
(Ns) (Ns) H The number of MU in candidate SF’MC ‘ follows Poisson
(H o) B+ vt ) (e hap ). e .
In each iteration, the conventional multi-user schedulir@smbu"'On with expected value\ym(D™)" —i + 1. Since
algorithm picks user from all unscheduled ones the scheduled MUs shall be excluded from the candidate set,
o ‘ the radiusD® shall keep expending during the iterations.
Mg = M\{Mq (k) k=1,2,---,i—1}. (2) or else, it may occur with high probability that after few
It maximizes the MUD gain for macrocell. However, it ignorederations,M¢” = @. If it happens, the scheduler has to relax
the impact to the underlay femto-tier. the constraint on MUs proximity in this round and allows
all unscheduled MUs be the candidates. Here, we consider
A. Spectrum+-hole alignment via Ideal geometric information ~ keeping a constant MUD gain by |et_tid@(’) =D+ 555

In above process, the initial density of FBSs which caft [2rger D enables higher MUD gain, but de(g_)rades the effect
be active at locationX is )\F‘M@ (X) = Ap. Due to the ON spectrum hole alignment and fedU@ﬂfaZ (Xm)H'
interference regulation in (1), the SPPP of femtocell iartleid ] o ] . ]
each time. The thinning factor at locatioti when MUm at B- Spectrum-hole alignment via interfering FBS information

location X,,, is scheduled can be represented by The determination of the candidate MU s@tﬁi) in above
5 procedures relies on the geo-location of MUs. For practical
Bx,, (X) = Fp ( — ) (3) consideration, we improve its implementation by explgjtin
[ X = Xom| " py the MUs’ interfering FBS information which is native in

where F) 2 (-) is the Cumulative Distribution Function of céllular networks.

small scale channel fading power g¢{i)r|12. Then, the resulting E(?Ch MU can SC?” the pre_arc\l;)le signal Og FBth@\;vthlch
potential active FBS density is produce strong interference to it. We assume that the @etect

FBSs are ranked by the large-scale channel gaif), ,
AF‘Mgf—n Ugmy (X) = AF‘MS;—U (X) Bx., (X). rather than the instantaneous channel g@in;|*. Despite that
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knowing |gm7f|2 helps getting better interference management
performance, this information on specific resource block is
hard to obtain. When detecting the preamble across multiple 090 &
subchannels and average the signal over multiple framestto g
higher measurement accuracy, the egodicity of channetdadi
causes the result more tends toyog, ; ;. Thus, we consider
the worst-case which has only information«f %, .
Initially, there is no geometric constraint on MU schedglin
o] Mgl) = M. Denote the set of FBSs which are witfy »
strongest interference to M as F,,,, | F.n| = Nir. In ithe
iteration, the neighboring FBSs set of the scheduled MUs is

o
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Spectrum Sharing Probability for FBS
o
(%))

o
)

——8— Conventional Scheduling Scheme
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Spectrum-hole Alignment via interfering FBS info

. 1—1
]:/(\"/2@ = U Fam.m)- If a MU has at leastVeommon cOMMon

o
-

k=1
neighboring FBSs with existing scheduled MUs, we can infer . : : : = = -
that it is very adjacent to these MUs. So, the candidate MU Number of multi-user MIMO streams
set can be determined by

o

) ) Fig. 2. The spectrum sharing probability of FBS vs. the numifeMU-
/\/lg) = {m ‘m e M, ‘fm ﬂ}'j&a‘ > Nwmm(m} (5) MIMO streams

By using [4) or [b) rather thar](2) in Step 2), we can gather
the scheduling MUs in a local region and align the consequent
spectrum holes. Thus, it provides much more spectrum gharin

opportunities for femtocells. 1or

IV. NUMERICAL RESULTS AND CONCLUSIONS ieet:;‘;'”

We evaluate the system with following parameterg:=
40dBm, py = 23dBm for Vf € F, 02 = —97dBm, a = 4
, R = 1000m, r;; = 30m, E[|F|] = 100, E[|M]|] = 40,
1 = 5dB, § = —84dBm, N, = 20. The locally interfering

Femtocell Capacity (bps/Hz/Cell)

FBS number is reduced more significantly in Spectrum hole 2 —8&— Conventional Scheduling Scheme e
alignment schemes than in conventional one. It could only © Spectrum-hole Alignment via [deal info

i ) Spectrum-hole Alignment via Interfering FBS info
partially compensate the macrocells MUD gain loss. To make % R R é - = -
sensible comparison, we set a lower sensing threshold so tha Number of multi-user MIMO streams

the interference at MU is further reduced to compensate the
MUD loss and allow the macrocell throughput is unchangedig. 3. The impact of MU-MIMO stream number to femtocell ceipa
FBS’s spectrum sharing opportunity in the conven-
tional schemes and our proposed ones are compared in
Fig.2. FBSs spectrum sharing probability defined &s=

(1) ‘ i i [1] F. Rusek, D. Persson, L. Buon Kiong, E. G. Larsson, T. L.rMtta,
E|Fa” (Xm)|| /E]|F]] decreases dramatically with grow O. Edfors, and F. Tufvesson, “Scaling up mimo: Opportusitend

ing number of mUltipleXing streams in the conventional challenges with very large arrays3gnal Processing Magazine, |EEE,
scheme, while it decreases much slower for our proposed vol. 30, no. 1, pp. 40-60, 2013.

_ - - : [2] L. Chia-han and M. Haenggi, “Interference and outage wisgon
ones. WhenN, = 18, the practlcal scheme with setting | cognitive networks,”"Wreless Communications, |IEEE Transactions on,

provides 128% more spectrum sharing opportunity than the vol. 11, no. 4, pp. 1392-1401, 2012.
conventional one. [3] V. Nguyen Tien and F. Baccelli, “Stochastic modeling afrier sensing

. . based cognitive radio networks,” Modeling and Optimization in Mobile,
The resulting per- femtocell capacity calculated as ,i’\ioc and Wirdess Networks (WOpt), 2010 Proceedings of the 8th

Elogy (14 f)-1(f € Fa)] is shown in Fig.3. WhedV, = International Symposium on, pp. 472-480.

1, there is no room for Geo-Aware grouping and so thd] K. c';lossel:nh If Flifydisy 3- te_f;yBr:ink, and M. Debbah,k“s'\g;gmimo
. . . . . and small cells: How to densi eterogeneous networ !

result is equwalent to the unaware case. W|th increasing [gst C. Peng, T. Meixia, and Z. Wenjun, “A new sinr-based linpaecoding

N, the gain over conventional scheme is significant. When for downlink multi-user multi-stream mimo systemsSbmmunications

N, = 18, the practical scheme with setting | allows femtocells_ Letters, IEEE, vol. 14, no. 11, pp. 1008-1010, 2010.

- . . P. Sungsoo, S. Woohyun, K. Youngju, L. Sungmook, and Hedilgq
0,
to have capacity 103% higher than the conventional one. "Beam subset selection strategy for interference reduchin two-tier

gain in capacity is slightly lower than the gain in sharing femtocell networksWreless Communications, |EEE Transactions on,
probability, because the increased active FBS densityesaus Vol 9, no. 11, pp. 3440-3449, 2010.

a bit higher intra-tier interference in femto-tier. The tewf

| has more strict criterions to count a MU as the neighbor

of existing scheduled ones. It allows much higher spectrum

sharing probability for FBSs and femtocell capacity.
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