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Abstract—We propose a time division duplex (TDD) based
network architecture where a macrocell tier with a “massive’
multiple-input multiple-output (MIMO) base station (BS) is
overlaid with a dense tier of small cells (SCs). In this contd,
the TDD protocol and the resulting channel reciprocity havetwo
compelling advantages. First, a large number of BS antennasan
be deployed without incurring a prohibitive overhead for channel
training. Second, the BS can estimate the interference cokiance
matrix from the SC tier which can be leveraged for downlink
precoding. In particular, the BS designs its precoding veairs
to transmit independent data streams to its users while beig
orthogonal to the subspace spanned by the strongest interience
directions; thereby minimizing the sum interference impod on
the SCs. In other words, the BS “sacrifices” some of its anteras
for interference cancellation while the TDD protocol allows for
an implicit coordination across both tiers. Simulation resilts
suggest that, given a sufficiently large number of BS antenrs
the proposed scheme can significantly improve the sum-ratefo
the SC tier at the price of a small macro performance loss.

I. INTRODUCTION

is indispensable for massive MIMO. For an overview of redate
work, we refer to [5] and the references therein.

This paper proposes a TDD-based network architecture
to integrate a massive MIMO network augmented with a
dense layer of SCs to attain the benefits of both schemes.
Nonetheless, the coexistence of thewm-cooperative tiers
raises several challenges that need to be tackled [6], [7],
[8], [9]. In particular, due to the large number of SCs, any
centralized resource management approach is renderedinfe
ble. Therefore, simultaneous, uncoordinated, commuinitst
cause cross-tier interference and exacerbate the overall n
work performance. To tackle this problem, the TDD protocol
is crucial as it does not only enable the BS to estimate the
channels to its intended mobile user equipments (MUES),
but also to estimate the covariance matrix of the interfgrin
signals from the SCs. Due to the uplink-downlink channel
reciprocity, this knowledge can be leveraged to precode the
downlink signals orthogonal to the dominating subspace of

It is widely acknowledged that the future capacity needge interference covariance matrix. Hence, as antennas at
of wireless cellular networks can only be satisfied by @&e BS become a commodity, a fraction of them can be
significant network densification through the deployment o4 rificed” to minimize the aggregate interference erddrc
small cells (SCs) [1], [2]. While SCs are an efficient means {¢, the SCs. Moreover, it is notable that the proposed scheme
provide local capacity enhancements (e.g., hotspots iarurtyoes not induce any explicit form of cooperation or data
areas), they can not replace macro cells which ensure agg@nhange between the tiers. The authors of [10], [11] prepos
coverage and support highly mobile terminals. Hence, a tWgsyariance-based transmission schemes to maximize the sum

tier architecture for cellular systems naturally emergaschy

poses the challenge of how SCs and macro cells can coex{ﬁwer ratio and a cognitive network, respectively.

rate in a two-cell network operating at high signal-to-eois

Another way of network densification relies on increasing \we also consider a variant of the TDD protocol called
the number of antennas deployed at each cell site to forgersed TDD (R-TDD). In contrast to TDD, the order of the
a “massive MIMO” network [3]. Massive MIMO exploits \sjink and downlink periods in one of the tiers is reversed,
the additional spatial degrees of freedom (DoF) to multiplg ¢ \yhile the macro BS is in the downlink, the SCs are

messages for several terminals on the same time-frequepsyhe uplink and vice versa. The choice of the duplexing

resource. Moreover, large antenna arrays can focus theteadi ode changes the set of interfering nodes between the two
energy precisely towards the intended receivers, theréiby ejjg g Hence, depending on the network topology, R-TDD may
ciently reducing intra- and intercell interference. Ndredéss, outperform TDD or vice versa. An advantage of the R-TDD
unless the channel structure is available at the BS [4], the ppotocol is that the interference subspace can be acoyratel
hibitive downlink channel training and feedback in freqeen estimated as both the SCs and the BS have fixed locations,
division duplex (FDD) systems constrain the number of B, | the interference channels between the SCs and theeBS ar
antennas. In contrast, a time division duplex (TDD) systefyasi-static. The work in [12] considers a time-shifted TDD
exploits the channel reciprocity to considerably reduce thoiocol to reduce the negative effects of pilot contaniamat
related signaling overhead. Hence, employing a TDD scherp,p[lg)], building upon the uplink-downlink duality estasfiied

in [14], a distributed power allocation algorithm is propds

to ensure symmetric uplink-downlink rates in both tiers.

J. Hoydis and S. ten Brink acknowledge funding by the FP7 3CT669
METIS project.



We compare our proposed architecture to several baseline
systems and the scheme in [13]. Our simulation results atelic

that the proposed architecture can entirely eliminate thad
SC interference, while achieving non-negligible macresat
Moreover, our scheme could be concatenated with power N antenna

control or other interference reduction techniques (e,
scheme in [13]) to further boost the performance.

The rest of this paper is organized as follows. Section Il
presents the system model and explains both TDD and R-
TDD communication modes in a two tier network. Section IlI
studies the covariance-based precoding design at the macro
BS to minimize the aggregate interference experienced by
SCs. Finally, Section V presents our simulation results and
Section VI concludes the paper.

Notation: Matrices are presented in bold capital lettés
column vectors are denoted in bold letteis and scalars Fi_g. 1. A macrocellular networkoverlaid_with small cellshdBS is equipped
are symbolized by lowercase letiess Ly is the N x N 4 N elernas and serde MU uble cach of s SCas employs
identity matrix. The trace, transpose, and Hermitian tpass
are respectively denoted by (-), ()T, and (-).H. The kth BS h, MUE k
column of A is expressed as;. Moreover,A;, is matrix A O '®)
with its £ column removed. . I

macro DL| macro UL

P
fi Se .7 €5k

Il. SYSTEM MODEL St
We consider a single-cell network where a macro tier SN SC DL SC UL
is augmented withS low range small-cell access points K’ TN
(SCAs), as schematically shown in Fig. 1. The BS employs O - O
C 9ji SUE i ol (1-a)T

N transmit antennas to serve if§ associated single-antenna
MUEs. Each SCA is equipped with a single antenna and
devotes its available resources to its pre-scheduled sm%’?écf'"n
cell user equipment (SUB)We assume that transmissions
across the tiers are perfectly synchronized. Both tiersesha

the available bandwidth’ with universal frequency reuse.from the BS to the MUEsg;; expresses the channel gain
All transmissions are assumed to take place over flat fadiggyween SCAj and SUE:, andzsca.;(t) ~ CN (0, Psca.i)
channels. Moreover, the maximum power of each transmittiig the data symbol transmitted to th#&" SUE from its
node during the uplink and downlink is limited. Linear zeroyggociated SCA. Assuming ZFBF precoding at the B8 =
force beamforming (ZFBF) and minimum mean square errgf, . w] is an N x K downlink precoding matrix nor-
(MMSE) detection are employed during the downlink anghajized to allocate equal transmit power across MUEs. Let
uplink, respectively. H = [hy,hy, ..., hg] be theN x K channel matrix between
A. TDD Scheme the MUEs and the BS arHT = H (HHH)71 be the Moore-

Fig. 2 depicts a two-tier network operating via the TDO enrose pseudo-inverse Hi. Therefore,W is given as

protocol. During the downlink transmission, the BS and the W = HT?

SCAs transmit to their associated users over the fifft

a € [0,1], time slots of the channel coherence tirfie whereT is a diagonal matrix whose'" entry normalizes
Hence, the received signals at the MUEs are interfered thye corresponding column dfi* so that|lw,|? = 1/K.

the transmission from the SCAs. Similarly, each SUE receiveurthermore, interference and noise terms are lumped into
interfering signals from the BS and other SCAs. Therefdre, t 2muk, k() and zsug,:(t) terms as

received base-band signal at MUEy\ug x(t) and SUE: ~

ysup.i(t) at a given timet are, respectively, modeled as ~ 2MuEk(t) = Z € scA,i(t) + nvue,k(t)

A two-tier network employing TDD protocol; solid aws denote
ks and dashed arrows denote interfering links.

ics
t) = hj] Wxps(t t 1 . <

YMUE, k() i xps(t) + 2muUE k(1) ) zsupi(t) = Y ghwsca;(t) + £ Wxps(t) + nsup,i(t)

ysuk.i(t) = giwsca.i(t) + zsum.i(t) ) jes\{i}

whereh,, is the channel .vector between MUEa_md the BS, where &, is the channel from MUEk to the ith SCA,
xps(t) ~ CN (0, PgsIk) is the vector of transmitted symboIsS —{1,2,...5) is the set of SCAS' indices, antl denotes

1Extensions to different numbers of antennas at SCAs, MURs, SUEs the N-dimensional channel vector between th_e BS and SUE
are straightforward. i. Furthermorenyug, k() andngug ;(t) denote, in order, the



additive white Gaussian noise (AWGN) with varianeé at BS hy, MUE &
MUE k and SUE;; for simplicity, we assume that the noise Q
powers at all antennas are identical. Therefore, the sgdectr '

macro DL| macro UL

.
efficiency of thek*™ MUE and thei*® SUE are stated as f, E E E Eeki

RYg., = alogy (1+ SINRYY ;1) SCUL | scCDL

RSl = alog, (1+ SINRSUE J) ) (
with the signal-to-interference-plus-noise ratios (SE\R SCAJ 9 SURi of  (I=a)T
IRl = Tos? 03 e v g 100 et st e
> jes Pscajlénl® + o?

SINRDY, ; = Pscailgiil®

~H ~ . . . .
S ies iy Pocalgil? + Posf; WWHE; + 02 downlink base-band signal models are equivalent to the ex-

pressions summarized in (1)-(2) wherein the interfererigs p
During the remainingd1 — «)T time slots, both tiers operatengise terms are determined as

in the uplink mode. Hence, the received base-band signals at

the BSygs(t) and SCAi ysca i(t) are expressed as 2MUE,k (t ZemwSUE i(t) + nyvue,k(t)
€S
s(t) = Hx t) + zps(t 3
yos(t) aun(t) + zps (?) ) ZsUE,i(t Z grizsca ;(t) +e; Hxmue(t) + nsue.i(t)

ysca,i(t) = guxsur,i(t) + zscaqi(t) 4)

here t) ~ 0, P I is the transmit- .
where xuu(t) CN (0, Pyuelr) i ! Jvheree; = [e1;, ..exi]" is the channel vector from SUE
ted signal vector from the MUEs to the BS an o the MUES. 4 the d link SINR of MUEand SUE
zsug,i(t) ~ CN (0, Psug,;) denotes the transmitted 5|gnaf € S. Hence, the downiin 0 an

from thei'" SUE to its SCA. Similar to the expressions in (1)Z are formulated as
(2), zps(t) and zgca ;(t) include the noise plus interference

jes\{i}

PBS|h|]:Wk|2

terms and are given as follows SINRMUE k= > ics Poun,ileri|? + o2
s ]2
zps (t Z fixsug, i + ngs (t) SINRSUE ;= PSCA-,1|QM| - '
i€S ZieS\{i} PSCA,j|gji|2 + Pvyure;'e; + o2
sseailt) = D gigrsue,(t) +&'xuur(t) +nscait)  Note thatin a R-TDD system, the downlink rate pre-log fastor
jesS\{i} of the macro and SC tiers areand1 — «, respectively.
whereé; = [&;1, .. ezK] andnps(t) andngca(t) repre- Likewise, uplink signals are equivalent to expression8jn (

sent noise at the BS and SGAAssuming MMSE detection at (4), where the interference plus noise terms are expressed a

the BS, the SINR of MUE: and SUE; are stated, respectively, Zns Z frs0a.(t) + nps ()
as follows =~
SINRy1ip,x = Puuehi =~ 'hy, zsoni(t) = Y gijasue,(t) + £ Wxps (1) + nscai(t).
Psug,ilgiil? JES\{i}
SINRSUE i 2 s Hg 2 ®)
> jes\(iy PsuE,ilgis|® + Paueeéi € + o
where Accordingly, the uplink SINRs are calculated as
¥ = PyupHGHY + Z PSUEJ-fTifiH + 0’1y, SINRytr . = Parve,xhy @ 'hy,
€S B Psug,i|gii|*
. : L : SINRSY A= -
The resulting uplink spectral efficiencies are given as > jes\(iy PouE,il9ii? + Pesfl WWHE; + 02
RMUE r=(1—a)log, (1+ SINRMUE k) where
RSUEJ = (1 — a)log, (1 + SINRSUE,k) )

Q = PesH HJ + > Pscaifif! + 0Ly,
B. Reverse TDD scheme i€S

A two-tier network employing the R-TDD protocol is shownMoreover, uplink rate pre-log factors ate- o and« for the
schematically in Fig. 3. In contrast to the TDD protocol,inkl macro and SC tiers. It is worth emphasizing that unlike a TDD
and downlink transmissions in one tier are reversed, ikging system, the macro uplink duration is coupled with that of the
the first oT time slots, the macro and SC tiers operate i8C downlink and vice versa. Thus, improving the uplink or
the downlink and uplink mode, respectively. The transmissi downlink rates of each tier reduces, respectively, the diokn
directions are reversed during the remaining time sloteidde and uplink rates of the other.



Ill. CovARIANCE BASED ZFBF Furthermore, the maximum dimension of the interference sub

oM )
Upon completion of the macro cell uplink phase (under ti‘@acezies fif;" is S. Therefore, even with a small number of

TDD and the R-TDD protocol), the BS decodes its desirdtennas, i.gj,\f is not much Iarger_ thai’, a significapt gain
signal xnus(f), and subtracts it from the received signa?an be obtained by only suppressing the strongest intedere

- . directions.
yBs(t). The remaining par§gs(t) envelops the interference . .
and noise effects from SCs’ transmissions which can beThe proposed precoding scheme can similarly be employed

exploited to compute the empirical covariance matri% as 'n a TDD network t9 Quaramee the coexistence O_f the two
tiers. Nonetheless, it is remarkable that the quality of the

1 L H interference covariance estimation is not identical. In8FD
ol ZYBS(t)YBs(t) network, the SCAs’ downlink transmissions interfere witle t
t:Tl received signal at the BS during its uplink mode. Since the
1 < ‘. (4t ; SCAs are assumed to be stationary, the SCA-to-BS channels
~aT 2_: Z izscai(t) + nps(t) are guasi-static; the covariance estimation is not sutept
=t hies H to the instantaneous channel variations and is stable over
long time scales. On the other hand, in a TDD network, the
x| D fiwsca(t) + nes () uplink transmission of themohile SUEs interfere with the
Jjes uplink transmission of the macro tier. The SUE-to-BS chésine
as. Z]E [Psca,£ifl! + nps(t)nps ()] potentially fluctuate at a higher rate. Therefore, less sesnp
T=oo 2 are available to approximate the time-averaged interferen
H 9 covariance and the estimation error may degrade the system
= > Pseadfiff' +0°1
‘ ' performance.
€S
£Q (6) IV. BENCHMARK ARCHITECTURES
here &5 » We compare our proposed architectures with two existing
where

. denotes almost sure convergence. Thus, fQthemes in the literature, namely frequency division rplsti
sufficiently long channel coherence times, the BS can et&timaccess (FDMA) with TDD or FDD (FDMA-TDD/FDD) and

Q with high precision. Furthermore, it is assumed thdt R-TDD via uplink-downlink duality (R-TDD-UD) [15], [14].

is known. The essential question to addresshisv can |n a FDMA-TDD/FDD, the transmissions of the two tiers
the BS leverage this information to reduce sum crosstier are orthogonal in frequency. Therefore, cross-tier ietenfice
interference? Let Zs,, denote the sum interference imposedoes not exist. Although FDD suffers from the aforementibne
on SCAs. From (5), one concludes that,, is calculated as jssues summarized in Section |, the rate regions of both
schemes are identical since we do not account for channel

training.

Toum = ZfiHWWHfi =tr [WH <Z fifi"'> W] ) R-TDD-UD is proposed in [13]. During the firstT time

icS €S slots, the macro BS employs ZFBF and transmits to its asso-
ciated users. Furthermore, the SUEs transmit in the uplink d
rection with a constant power. Given that the uplink-dowkli
duality conditions hold during the remainind — «) T time
slots, it is assured that each user achieves the same SINR as
that of its first stage. An iterative power allocation algjom
based on Yates distributed scheme [16] is employed to assign
¢ Ppowers during the second stage.

Let Q — %Iy be decomposed asVDV'" where
D = diag(\1, ..., \s) contains the eigenvalues @f — oIy
in descending order and thé&'® column of V is the
eigenvector associated witk,. One can conclude from (7)
that in order to minimizeZy,,,, the beamforming vectors
must be orthogonal to the subspace spanned hy f,£1.
Therefore, given that the BS is equipped with transmi
antennas and delivers independent data streants tesers, V. SIMULATION RESULTS

m < N — K DoF can be used to spatially reject interference e consider a circular cell of radit® = 500 meters where
imposed on the SCs. Thus, the precoding matrix is designgg@ BS is located at the centdt, = 20 MUEs andS = 100
as follows SCAs are uniformly scattered within the cell region, and'sha

Wep = (Iy — U, UY) H+FS%P the available bandwidth d = 5 MHz. Each individual SUE

m is randomly placed withir to 15 meters from its associated
where U,, encompasses the first columns ofV and I‘%P SCA. We furthermore consider two djfferent network setups;
normalizes each column dWsp so that||wsp x||? = 1/K. indoor SCs an(_j outdoor SCs, where in the former case, SCAs
Hence, the first termiy — U,, U" projects the precoding and SUEs are isolated from the rest_ of the network via interna
vectors to the subspace orthogonal to the columndJgf. and external walls. Therefo_r_e, the dlsta_mce erendenﬂcpmh
between two nodes at positionsandy is defined as

2We present the derivations for R-TDD scheme in this papee J&me Ln(m,y)Lp(m,y)
approach can be used for TDD. Furthermore, we assume thahelsaare a(x y) _ e i
stationary and ergodic. ’ 1+ d(% y)ﬁ



TABLE |
NETWORK PARAMETERS

1400 T T
A TDD,N=20,m=0
R = 500 meters cell radius ~%~TDD, N =100, m =0, 40, 80
W =5 MHz total bandwidth 1200 _i_;?$5g,=NzS%OTnT i
No = —174 dBm noise power spectral densit} ~©~R-TDD, N = 100, m = 0, 40, 80
K =20 number of MUEs gmoof FDMA-TDD/FDD ?E;Egﬂ;zﬁzxgro, 50,100 |
S =100 number of SCAs/SUEs z ¢ R-TDD-UD, N = 100
Pgs = 43 dBm BS power b= + R-TDD-UD, N =200
Psca = 23 dBm SCA power £ soo 1
Pyiug = Psug = 23 dBm MUE and SUE powers 2
L.=15dB external wall loss 8 g0l ]
L;=7dB internal wall loss 2
a=0.5 pre-log factor g
8 4001 -
12}
where the external and internal wall losses are, respégtive 200r 7
presented by, and L;. The functionsn (z,y) andp (z,y)
count the number of external and internal walls between t 0 50 100 150 200 20

macro cumulative DL throughput (bits/s/Hz)

communication ends in order. Moreoveélz, y) denotes the

distance between two points afds a path loss exponent. It is

assumed that, one internal wall blocks the indoor communidag. 4. Achievable DL rates of indoor scenario. The conrégteints denote

tion way, one external wall exists between indoor and Ou’[dot§e| af(t:hievable spectral efficiency of each scheme with asimgm from right
! 10 left.

nodes, and two external walls are located between any S€A-to

SCA links. 3 is set to 3.7 for BS-to-all-other-node channel

and 3 is 4 for the remaining links. The simulation results 400

are averaged over node positions and Rayleigh fading chan

realizations. Table | summarizes the network parameters. 35°m 7
Fig. 4 and 5 compare, respectively, the achievable downli wol N\ |

(DL) rates of the mentioned schemes for the indoor ar
outdoor scenarios where: DoF (or antennas) have beer
used to spatially reject the interference enforced fromBBe
on the SC-tief As can be seen, increasing the number (
antennas at the BS provides a power gain and, consequel
boosts the aggregate downlink rate of the macro tier. Margov
exploiting the interference covariance information in & Bb
network only degrades the macro tier performance, while

2501 FDMA-TDD/FDD 7

N

=3

=]
T

N

a

=]
T

A TDD,N=20,m=0
G+~ TDD, N =100, m =0, 40, 80
—<—TDD, N = 200, m = 0, 50, 100
% R-TDD,N=20,m=0 1
—©—R-TDD, N = 100, m = 0, 40, 80
—8-R-TDD, N = 200, m = 0, 50, 100

SC cumulative DL throughput (bits/s/Hz)

i

1)

=}
T

has no effect on the downlink rates of the SCs. However, o sof 3 RIoo-uo 20
simulation results show that the TDD scheme concatena + R-TDD-UD.N =200

with the covariance based precoding at the BS can boost 0 50 100 50 w0 20
SC’s DL rates byl2 % and75 % with N = 100 and N = 200 mecto cumuaive DL roughput QSIS

antennas compared to the achievable rates with 0 in the

indoor scenario. In particular, given the number of MUEs arfeélg. 5. Achievable DL rates of outdoor scenario. The corewqoints

SCs in the cell region the BS employirj\g — 200 antennas denote the achievable spectral efficiency of each schenteimdteasingm
’ 7 . from right to left.

can completely remove the cross-tier interference impose

on SCs. Therefore, an interference-free operating point is

achievable and the sum rate of the SC tier is the same as thaéé)-ftier interference. i.e. interference between SCs.idatas
the FDMA-TDD/FDD where the entire band is assigned to thge g tier interf,eren,ce. Nonetheless, the propo,m

SC tier. In addition, our prqposed scheme outperforms thgrl’z]proves SCs’ rates by % while the performance loss of the
TDD-UD scheme and provides considerably higher downli acro rate is indistinguishable.

rates for SCs. However, the R-TDD-UD scheme prOVIdeSIn a similar fashion, Fig. 6 and 7 compare the uplink (UL)

sym_me_trip uplink and downlink rates (gt the CO.St Of ViOIQtinachievable rates for both indoor and outdoor setups in order
the individual per-node power constraints) which is not thGnlike the previous case, the SC uplink rates can be improved

case for our scheme. using the R-TDD scheme combined with the covariance based

The obtainable gain of the TDD scheme with covarian%a}ecoding by61% with N = 100 and 117 % with N — 200
based precoding is less considerable in the outdoor secenar owever, sacrificing the available DoF in the TDD approach

In essence, given the lack of coordination among the S es not improve the uplink rates of the SCs. In addition,

SNote that the dimension of the cross-tier interference isabtp 100 in C_Om_p_ared tO. R'TDD'UD'_ our proposed approach prowdes
our setup. significant gains for both tiers.
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X FDMA-TDD/FDD

12001
10001 b
m

8001

u]
600

scheme can significantly minimize the aggregate cross-tier
interference experienced by SCs at the price of a negligi-
ble macro performance loss. Most importantly, our scheme
could be combined with power control or other interference
reduction techniques (e.g., the scheme in [13]) for a furthe

performance increase. Future work evaluates the perfarenan

gains of the proposed scheme in a more realistic multi-cell
setting where also the SCs are equipped with mutiple antenna
and employ a similar precoding scheme to cancel inter- and

A TDD,N=20,=0

.V TDD, N =100, m =0, 40, 80

“ < TDD,N=200,m=0, 50, 100

* % R-TDD,N=20,m=0
—©6—R-TDD, N =100, m = 0, 40, 80
—&—-R-TDD, N =200, m =0, 50, 100 |

x R-TDD-UD, N = 20

{ R-TDD-UD, N =100

+

i

SC cumulative UL throughput (bits/s/Hz)

(1]

2001

R-TDD-UD, N = 200
P
100 150 200
macro cumulative UL throughput (bits/s/Hz)

(2]
(3]

250

Fig. 6. Achievable UL rates of indoor scenario. The conriegt@ints denote
the achievable spectral efficiency of each scheme with @&sing m from
bottom to top.

(4]

(5]

400
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w
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T

(8]
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=3

=}
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Ny A TDD,N=20,m=0 B
v TDD, N =100, m=
<] TDD,N=200,m=

.. % R-TDD,N=20,m

' —6—R-TDD, N = 100, m =0, 40, 80

—B-R-TDD, N = 200, m = 0, 50, 100

N

@

=]
T

El

SC cumulative UL throughput (bits/s/Hz)

0, 4
0, 50, 100
=0

N

Q

=]
T

x R-TDD-UD, N = 20 10
o ¢ R-TDD-UD, N = 100 ] (10]
+ R—TDD—UD,NZZOO
0 50 100 ‘ 2 250
macro cumulative UL throughput (bits/s/Hz) [11]
Fig. 7. Achievable UL rates of outdoor scenario. The corewqpoints [12]
denote the achievable spectral efficiency of each schenteimgteasingm
from bottom to top.
[13]
VI. CONCLUSION [14]

We have considered a TDD-based two-tier network architec-
ture which incorporates the advantageous features of ai\masT15
MIMO macro BS overlaid with small cells. The TDD channe
reciprocity not only enables the BS to accommodate a large
number of antennas without prohibitive channel estimaticﬁn
overhead, but also allows it to estimate the interferingspabe
from its received uplink signal. This knowledge can be uged t
design downlink precoders which reduce the interferentieeto
SC-tier. We have compared two duplexing schemes, TDD and
R-TDD, which determine the set of interfering nodes between
the two tiers. Our simulation results indicate that the psgul

intra-tier interference.
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