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In this paper, we present a vision beyond the conventional Long Term
Evolution Fourth Generation (LTE-4G) evolution path and suggest that time
division duplexing (TDD) could be a key enabler for a new heterogeneous
network architecture with the potential to provide ubiquitous coverage and
unprecedented spectral area efficiencies. This architecture is based on a co-
channel deployment of macro base stations (BSs) with very large antenna
arrays and a secondary tier of small cells (SCs) with a few antennas each. Both
tiers employ a TDD protocol in a synchronized fashion. The resulting channel
reciprocity enables not only the estimation of large-dimensional channels at

the BSs, but also an implicit coordination between both tiers without the
need to exchange user data or channel state information (CSI) over the
backhaul. In particular, during the uplink (UL), the BSs and SCs can locally
estimate the dominant interference sub-space. This knowledge can be
leveraged for downlink (DL) precoding to reduce intra- and inter-tier
interference. In other words, the BSs and SCs “sacrifice” some of their degrees
of freedom for interference rejection. Our simulation results demonstrate
that the proposed architecture and precoding scheme can achieve a very
attractive rate region compared to several baseline scenarios. For example,
with 100 antennas at each BS and four antennas at each SC, we observe an
aggregate area throughput of 7.63 Gb/slkm? (DL) and 8.93 Gb/s/km? (UL) on a
20 MHz band shared by about 100 mobile devices. © 2013 Alcatel-Lucent.

Introduction

The biggest challenge in the wireless industry
today is to support the ever-growing demands for
higher data rates and to ensure a consistent quality of
service (QoS) throughout the entire network. Rising
to this challenge means increasing network capacity
by a factor of thousand over the next ten years [28].

Since spectral resources are scarce, there is a broad
consensus that this can only be achieved by a mas-
sive network densification, i.e., a significant increase
in the number of antennas deployed per unit area. In
general, there are two approaches for this. The first
approach relies on using more antennas at the exist-
ing cell sites to spatially multiplex user equipment
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(UEs) on the same time-frequency resource. Once
the number of antennas largely exceeds the number
of actively transmitting or receiving UEs per cell, we
are speaking about large-scale or “massive” multiple
input multiple output (MIMO) systems [23]. The
second approach is based on a dense deployment of
small cells (SCs) which also increases the spatial
reuse since less UEs share the resources of a single
cell [5, 15]. Thus, cellular networks are going to be
operated in a regime where the number of serving
antennas equals or exceeds the number of UEs. As
antennas become a commodity, it is natural to ask
how the new abundance of degrees of freedom can
be exploited efficiently.

Although the benefits of using multiple antennas
at a transmitter and/or a receiver are well studied
[10, 34], it was revealed only recently that very large
antenna arrays can provide tremendous performance
gains [23, 31]. Massive MIMO cannot only allow for
aggressive spatial multiplexing and improved link
reliability, but can also reduce the radiated power
due to significant array gains [25]. Since such
antenna arrays are composed of cheap low-power
components, which can be integrated in existing cell
sites or buildings (facades, windows, and other
deployments), they could revolutionize the way tra-
ditional base stations (BSs) are built and deployed.
However, in order to reap the benefits of a large
number of coordinated antennas, channel state
information (CSI) must be available at the transmit-
ter. For this reason, massive MIMO systems find their
sweet spot in the time division duplexing (TDD)
mode where channel reciprocity can be exploited.
This allows a BS to estimate its downlink (DL) chan-
nels from uplink (UL) pilots sent by the UEs.
Therefore, the resulting overhead scales linearly with
the number of UEs and is independent of the num-
ber of antennas [23]. The authors in [3] argue that
the performance gains of massive MIMO can also be
realized in frequency division duplexing (FDD) sys-
tems, given that certain assumptions about the
antenna correlation hold true and that information
about the channel covariance matrix is available at
the transmitter. Nevertheless, since massive MIMO
suffers from some practical limitations, such as pilot
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Panel 1. Abbreviations, Acronyms, and Terms

4G—Fourth generation

BS—Base station
coRTDD—Co-channel reverse TDD
coTDD—Co-channel TDD
CSI—Channel state information
DL—Downlink

FDD—Frequency division duplex
GPS—Global Positioning System
LOS—Line-of-sight

LTE—Long Term Evolution
MIMO—Multiple input multiple output
MMSE—Minimum mean square error
MUE—Macro user equipment
NLOS—Non line-of-sight
QoS—AQuiality of service

RF—Radio frequency

RTDD—Reverse time division duplex
SC—Small cell
SINR—Signal-to-interference-plus-noise ratio
SUE—Small cell user equipment
TDD—Time division duplex

UE—User equipment

UL—Uplink

contamination [19] and antenna correlation [26], it
is unlikely that this type of network densification
alone can satisty future traffic demands.

On a separate track, shrinking the size of cells
has been the single most effective way to increase
network capacity [36]. This is because the capacity
scales, at least in theory, linearly with the cell density.
Moreover, the total transmit power of the network
could be reduced since the cell density is proportional
to the square of the cell radius while the path loss is
proportional to the distance raised by some path loss
exponent which is typically greater than two [16].
Thus, the capacity improvement does not come at the
cost of an increase in the radiated energy [30].
Nevertheless, regardless of the difficulties and costs
related to cell site acquisition, backhaul provision,
and operation, deploying a large number of SCs can
possibly exacerbate network performance. In particu-
lar, with antennas located below the rooftops and cell
radii of less than 50 meters, supporting highly mobile
UEs and providing seamless coverage over large areas



become increasingly difficult. Hence, SCs alone are
unlikely to meet QoS and capacity requirements for
next-generation mobile networks. A simple solution
to this problem is a two-tier network architecture,
where macro BSs ensure outdoor coverage and serve
highly mobile UEs, while SCs act as the main capac-
ity-driver for indoor and outdoor hotspots. However,
with limited spectral resources, a co-channel deploy-
ment of BSs and SCs is the only viable solution, and
this in turn calls for low-complexity and distributed
interference management schemes across both tiers
[7, 29, 37]. A well-known technique for time-
domain interference cancellation is the use of
“almost blank subframes” which are under consider-
ation for the Long Term Evolution (LTE) Advanced
standard [1].

In this paper, we present a TDD-based network
architecture consisting of a massive MIMO macro tier
overlaid with a second tier of SCs. Our goal is to inte-
grate the complementary benefits of both. The key
observation is that the synchronized operation of a
TDD protocol in both tiers results in a channel reci-
procity which facilitates not only the estimation of
large-dimensional channels at the BSs, but also
enables all devices in the network (BSs, SCs, UEs) to
learn the eigenstructure of their interfering channels
with no additional overhead. This information can be
leveraged to design precoders which trade off beam-
forming gains against a reduction of interference
imposed on the rest of the network. In other words,
the SCs and BSs sacrifice some of their degrees of
freedom (or “excess antennas”) to reduce intra- and
inter-tier interference. This enables some form of
implicit cooperation between all devices in the net-
work which does not necessitate any form of data or
CSI exchange. Moreover, this scheme is fully distrib-
uted, easily scalable, and realizes the additional bene-
fits of TDD, such as reduced latency, the ability to
operate in unpaired frequency bands, and the sup-
port of asymmetric traffic [4]. We also consider a vari-
ant of the TDD protocol, called reverse TDD (RTDD).
In contrast to TDD, the order of the UL and DL periods
in one of the tiers is reversed, i.e., while the macro BSs
are in the DL mode, the SCs are in the UL mode and
vice versa. The choice of the duplexing mode

determines which nodes of each tier interfere with
each other. Hence, depending on the network topol-
ogy, RTDD may or may not outperform TDD. Our
simulation results show that a co-channel deploy-
ment of SCs and massive MIMO BSs in conjunction
with either TDD or RTDD and the proposed precoding
scheme leads to a very promising rate region com-
pared to some baseline scenarios. In particular, we
observe an aggregate area throughput of 7.63 Gb/s/
km? (DL) and 8.93 Gb/s/km? (UL) on a 20 MHz band
shared by about 100 UEs. This rate could be easily
increased by increasing the bandwidth, installing
more antennas at the BSs, or adding more SCs.

Related Work

The precoding design problem using interference
covariance knowledge has been extensively studied
in cognitive radio networks. In this context, a sec-
ondary transmitter acquires useful information about
the interfering links in order to minimize interfer-
ence imposed on a primary transmitter-receiver pair
[38]. A similar approach is proposed in [22] in order
to maximize the sum rate in a two-cell TDD system.
However, our extension of this concept to dense het-
erogeneous networks operating a TDD-protocol in a
synchronized fashion is new. RTDD or time-shifted
TDD protocols have been previously proposed to
reduce the negative effects of pilot contamination in
TDD cellular systems [9]. RTDD is also considered
in [2], where, building upon the UL-DL duality
established in [24], a distributed power allocation
algorithm is proposed to ensure symmetric UL-DL
rates in both tiers. However, this scheme is based on
a distributed iterative power allocation algorithm
which needs to run over multiple channel coherence
blocks to converge.

The remainder of this paper is structured as fol-
lows. In the next section, we present a general system
model, explain different duplexing schemes, and dis-
cuss our proposed precoding technique. We then
present some numerical results and evaluate the per-
formance in an outdoor deployment scenario. Next,
we discuss practical issues such as channel reciprocity
and channel estimation and outline possible exten-
sions. We finish with a summary and conclusions.
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Figure 1.

Example of a two-tier network architecture. A macro-cell tier is overlaid with a dense tier of small cells.

System Model and Precoding Scheme

We consider a two-tier network consisting of B
macro BSs wherein each cell is overlaid with a dense
tier of S SCs, as exemplarily shown in Figure 1. The
BSs and SCs are respectively equipped with N and F
antennas. Each BS serves K < N macro UEs (MUEs)
while each SC serves a single small cell UE (SUE).
The MUEs and SUEs have only one antenna.
Extensions to multi-antenna UEs and multiple SUEs
per SC are straightforward, but not considered here
for clarity of presentation. Generally, F would lie
somewhere in the range from 1 to 4 (as is state-of-
the-art for Wi-Fi access points [18]), while N could
be very large, i.e., 100, 1000, or even more [31].

In this setting, we compare the performance of
four different duplexing modes, namely:
e Frequency division duplexing (FDD),
e Time division duplexing (TDD),
¢ Co-channel TDD (coTDD), and
Co-channel reverse TDD (coRTDD).
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The operating principles for each are illustrated in
Figure 2. In both the FDD and TDD schemes, the BS
and SC tiers operate on non-overlapping frequency
bands, while UL and DL transmissions are duplexed
in either frequency (FDD) or time (TDD). Although
transmissions do not interfere across the tiers, the
main performance-limiting factor is intra-tier inter-
ference which is particularly severe among the SCs.
Unlike the aforementioned schemes, with coTDD and
coRTDD, both tiers share the entire bandwidth. While
the UL and DL transmissions are synchronized in
both tiers with coTDD, their order is reversed in one
of the tiers with coRTDD, i.e., the BSs are in DL mode
while the SCs operate in UL mode, and vice versa.
The duplexing mode determines which groups of
devices interfere with each other. For example, in
coTDD, the SUEs interfere with the MUEs in the UL
while the BSs interfere with the SCs in the DL. This
behavior is shown in Figure 3. Note that we assume
perfect synchronization across all devices in the
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Figure 2.
Operating principles of different duplexing schemes.

network. Without loss of generality, we consider a
frequency-flat block-fading channel model with
coherence time 7. Additionally, we make the simpli-
tying assumption that the association of UEs to BSs or
SCs has already been carried out. Our performance
metric is the UL/DL sum rate of both tiers without
any form of power control, scheduling, and considera-
tion of fairness. Perfect CSI of the local channels at all
devices in the network is assumed. Later in the paper,
we further discuss the implications of some of these
assumptions. The next section will present the
detailed signaling model for the coTDD scheme. Since
the TDD, FDD, and coRTDD schemes are very similar,

they will only be briefly summarized in the section
titled “Other Duplexing Schemes.”
Co-Channel TDD Uplink

The received UL baseband signal vectors at BS i
and SCjin cell 7 at time 7 are respectively given as
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Figure 3.
Interfering links in co-channel TDD and RTDD.

where xﬁUE (t) and )Zg YE(t) are the complex Gaussian
transmitted data symbols from the kth MUE and the
sth SUE in cell b, h% M7 and 1% MUF denote the
channel vectors from the kth MUE in cell b to the ith
BS and the jth SCin cell 7, hlff*SUEand hlshcs SUE denote
the channel vectors from the sth SUE in cell 4 to the
ith BS and the jth SC in cell i, and nfs (t) and nljc (1)
represent complex Gaussian noise vectors of variance
N, at the BS i and the SC j in cell i, respectively. The
transmit powers of the MUEs and SUEs are denoted by
Pyyr and Py, respectively. Note that the channel vec-
tors are assumed to be constant during each channel
coherence block of length 7. We assume that the BSs
and SCs have perfect knowledge of their local channels,
i.e., BS i knows the channel vectors hfii_MUE for all &
while SC jin cell i knows }%jSZ.J.C*SUE. Moreover, both can
perfectly estimate their receive covariance matrices

for a given coherence block, which are defined as

)] = Z Z P

BS—MUE BS— MUE 2
hzbk (hzbk T+ Psug

QP =Epy”S (1) (1)

i i i

]’ZBS SUE (hBS SUE)

ibs ibs + Noly 3)
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SC
Q¢ =E[yi (0 07 1)) =2 -

SC-MUE SC- MUE
hl]bk (hl]bk + Z PSUE

SC-SUE SC-SUE
hybs (hz;hs )

+ Nolp. (4)

For sufficiently long channel coherence times,

these matrices can be well estimated by a simple time
T

&~ 2y

> P (y¥(n)" and
SC 1 Z SC H

average, 1. e ;

( 5 (t))H. We further assume
that the n01se power N, at each receive antenna is
explicitly known.

Each individual BS and SC uses its local CSI and its
receive covariance matrix to estimate its desired sig-
nals via linear minimum mean square error (MMSE)
detection, see, e.g., [20]. Under this assumption, the
resulting instantaneous UL spectral efficiencies of

MUE k and SUE s in cell 7 are respectively given as

Rll]iLMUE TULIOgZ( +SINRULMUE) (5)
RULSUE _ TUL10g2 (1 +SINRULSUE) 6)

is
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time used for UL transmissions. The corresponding

€ [0,1] is the fraction of the coherence

signal-to-interference-plus-noise ratios (SINRs) are
expressed as

SZNRULMUE— PM . (hB;sz MUE)
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NN s1s 1818

Co-Channel TDD Downlink

During the DL transmissions, the BSs and SCs
apply linear precoding to serve their UEs. Hence, the
received signals at the jth MUE and the jth SUE in
cell 7 are given as

YMUE (¢

)

32 (2o
wfsxff o+ Zlmwbi;“w)

=1

2 X (O] + 1l VE (1) (9)
B
P
SUE BS BS SUE
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wSCxSC #SUE
wy X0 (0) |+ 137 (1) (10)
where Xlzlf (t) and X‘ZSC (t) are the complex Gaussian

transmitted data symbols from BS b to its kth MUE and
from SC s in cell b to its SUE, nMUE (t) and nSUE () are
noise vectors of variance N, and wflf and Wbs are pre-
coding vectors which are respectively defined below
(note that these are extensions of the regularized
zero-forcing precoder in [27].)

S BS BS—MUE BS—MUE\H
Wiy = Fipp |(1-) PMUEZ i (hth )
J
+ aQ)® + (1—a)Noly| " 3 MUF

SC SC SC-SUE | 1,SC-SUE \H
Wbs (( _/B PSUE hbsbs (hhsbs )

+BQy + (1=B)Noly|™ 1y, *UF (12)

where «a,3 > 0 are regularization factors and nbk

&Sbi are normalizing factors, chosen such that
||W‘2,f||:|\wzf\|:1. The transmit powers of the BSs and

SCs are denoted by Py and Py, respectively. Note that
each BS distributes its transmit power equally among
the K MUE:s in its cell. The role of the regularization
parameters can be explained as follows. For o, = 0,
the BSs and SCs do not take the interference they may
create for neighboring devices into account. Hence,
they precode as if they were operating in an isolated
cell, i.e., MMSE precoding for the BSs and maximum-
ratio transmission for the SCs. On the other hand, large
values for the regularization parameters make the pre-
coding vectors more orthogonal to the interference
subspace. Thus, by tuning a and 3, the BSs and SCs can
trade off the beamforming gains for their target UEs
against interference reduction to neighboring UEs.
Intuitively, a transmitter “sacrifices” some degrees of
freedom (or, figuratively speaking, “antennas”) to
reduce interference towards the directions from which
it receives the most interference. Consider a scenario
where an MUE is located in the vicinity of an SC. Since
the MUE creates strong interference to the SC in the
UL, the SC will specifically reduce interference towards
this MUE in the DL. Since this precoding technique
automatically reduces the negative impact of the strong-
est sources of interference, one already expects to
achieve significant performance gains with few anten-
nas at each SC. This will be demonstrated by simula-
tions in the next section. As such, network-wide TDD
and the resulting channel reciprocity allow for coop-
eration between the devices without any form of data
or CSI exchange. This is in stark contrast to network
MIMO schemes which require full CSI and user data
exchange among multiple BSs or SCs [11]. Moreover,
our scheme is fully distributed and scalable. Hence, it is
amenable to practical utilizations. Using equation 11
and equation 12, the individual achievable DL rates of
MUE k and SUE s in cell 7 are computed as follows

DLMUE ( 1 —

" UL) log, (1 + SINR

R DLMUE) )
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where the corresponding SINRs are given by
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Other Duplexing Schemes

Due to their similarity and lack of space, we only
briefly summarize the signaling models for the other
duplexing schemes. FDD signaling does not create
cross-tier interference, but channel reciprocity does
not hold either. Therefore, the UL interference covari-
ance matrices cannot be used for DL precoding.
Moreover, each tier is assigned only a fraction of the
total available bandwidth. We assume that the BSs
and SCs apply single-user MMSE detection in the UL
and the precoders in equation 11 and equation 12 for
a = [ = 0 in the DL. Likewise, the TDD signaling
completely nulls the cross-tier interference. However,
channel reciprocity holds for each tier and the pro-
posed precoding scheme can be used to reduce intra-
tier interference. The interference covariance
matrices Qfs and ijc are the same as in equation 3
and equation 4, respectively, without the inter-tier
interference terms resulting from the transmissions
of the MUEs and SUEs. In the coRTDD scheme, both
tiers operate on the same band; hence, cross-tier
interference plays a major role. The system model is
the same as that of the coTDD scheme described ear-
lier, where the only difference is that the order of UL
and DL transmissions in the SC tier is reversed. (This
also impacts the definition of Qfs and ijc in equation
3 and equation 4). In this case, the proposed precod-
ing scheme does not need any modification.
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Numerical Results

In this section, we demonstrate the performance
of the proposed precoding scheme by numerical simu-
lations. For simplicity, we consider a 3x3 grid of B =
9 BSs, where each BS serves K = 20 MUEs. Every BS
covers an area of one square kilometer (1 km?) over
which § = 81 SCs are distributed on a regular grid
with an inter-site distance of 111 meters. The MUEs
are uniformly randomly distributed over the entire
area while one SUE is uniformly distributed within a
disc of radius 40 meters around each of the SCs. We
ensure that a guard distance of 35 meters from the
BSs and 10 meters from the SCs is maintained. The
SUEs are associated with their closest SC while
the MUE:s are associated with their closest BS, even if
other cell associations could provide a higher instan-
taneous rate. This assumption is primarily motivated
by a scenario where highly mobile MUEs cannot be
associated with SCs due to prohibitive handover sig-
naling. A random snapshot of the center cell is shown
in Figure 4. We consider a distance-dependent path
loss model which encapsulates the effects of small-
scale and shadow fading as well as line-of-sight (LOS)
and non-LOS (NLOS) links as specified in [1] (Table
6.4-1). The path loss functions, LOS probabilities, and
shadowing standard deviations, as well as all other
system parameters are summarized in Table I. In
order to avoid border effects, a wrap-around (torus)
topology is assumed so that each macrocell has eight
neighboring cells. Note that the SCs, BSs, and all UEs
are located outdoors. From the perspective of inter-
ference, this is a worst-case scenario since there are
no shielding walls separating interfering devices. We
compute UL and DL sum rates of the macro and SC
tier in the center cell, averaged over 10,000 different
channel realizations and UE distributions.

Our baseline scenario is the FDD scheme, assum-
ing that each SC has F = 1 and each BS has N = 20
antennas. Thus, the number of antennas equals the
number of UEs in the system, i.e., the access points
need all of their degrees of freedom to serve their
UEs. We assume that each tier uses half of its band-
width for UL and DL transmissions. By changing the
fraction of the total bandwidth allocated to each tier,
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Figure 4.

A random snapshot of the UE distribution in the center macro cell.

we obtain the DL and UL rate-regions as shown by
black solid lines in Figure 5 and Figure 6, respec-
tively. Next, with the same duplexing scheme, we
demonstrate the gains of having additional antennas

in each tier. To this end, each SC is equipped with F
= 4 and each BS with N = 100 antennas, while the
number of UEs is kept constant. As can be seen from
the dashed lines in Figure 5 and Figure 6, the UL and
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Table I. System parameters and path loss models used for simulations.

General system parameters

Transmit powers

BS: 46 dBm, SC: 24 dBm, MUE/SUE: 23 dBm

Bandwidth

20 MHz, 2 GHz center frequency

Noise power spectral density —174 dBm/Hz

Network topology

B = 9 macro cells (3x3 regular grid with wrap-around), site distance 1000 m

S = 81 small cells per macro cell (regular grid), site distance 111 m

UE deployment

K = 20 MUEs uniformly randomly distributed in each cell

1 SUE uniformly distributed on a disc of radius 40 m around each SC

Antennas

Omnidirectional, N per BS, F per SC, 1 per MUE, 1 per SUE

Propagation parameters

Channel type

Path loss and shadowing parameters (d in meters)

BS — MUE/SUE

9Shadowing =6dB

PL,os(d) = 30.8 + 24.2log10(d) [dB]
PLyios(d) = 2.7 + 42.8log10(d) [dB]
Prios(d) = min(18/d,1)(1—exp(—d/63))+exp(—d/63)

BS - SC

@Shadowing =6dB

PL,os(d) = 30.2 + 23.5log10(d) [dB]
PLyios(d) = 16.3 + 36.3log10(d) [dB]
Prios(d) = min(18/d,1)(1—exp(—d/72))+exp(—d/72)

SC - MUE/SUE

PL.os(d) = 41.1 + 20.9log10(d) [dB]

PLyios(d) = 32.9 + 37.5log10(d) [dB]

Pr os(d) = 0.5-min(0.5,5exp(—156/d))+min(0.5, 5exp(—d/30))
Oshadowing = 3 dB (LOS), 4 dB (NLOS)

MUE - SUE

PL(d) =38.45 + 20log10(d) [dB], if d <= 50 (free space)
PL(d) =35.78 + 40log10(d) [dB], if d > 50 (Xia model)

Oshadowing: NOt Mmodeled

BS—Base station
LOS—Line-of-sight

m—Meter

MUE—Macro user equipment
NLOS—Non line-of-sight
PL—Path loss

SC—Small cell

SUE—Small cell user equipment
UE—User equipment

DL rates in both tiers are significantly improved (SC
UL + 100 percent, SC DL + 50 percent, macro UL +
200 percent, macro DL + 150 percent). Interestingly,
the resulting gains are more pronounced in the UL
than in the DL. The reason is that MMSE detection is
considered in the UL, which allows for significant
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interference reduction as the number of antennas
grows. However, since channel reciprocity does not
hold, the UL covariance matrices cannot be used for
DL precoding in order to reduce intra-tier interfer-
ence. Thus, the gains achievable by adding more
antennas are less substantial.



Next, we illustrate the gains from TDD in con-
junction with the proposed precoding technique. As
before, both tiers operate on different frequency
bands, but TDD is used instead of FDD to separate UL
and DL transmissions. Since in this case channel reci-
procity holds within each tier, the UL covariance
information can be used for DL precoding to reduce
intra-tier interference. The dashed-and-dotted line in
Figure 5 indicates the rate region for the TDD scheme
using the precoders as defined in equation 11 and
equation 12 with « = § = 1. Note that the corre-
sponding interference covariance matrices Qfs and
ijc are defined in equation 3 and equation 4, respec-
tively, without the inter-tier interference terms from
the MUEs and SUEs. This leads to an additional DL
sum rate gain of about 50 percent in the macro tier
and 30 percent in the SC tier. Note that the precoding
only affects the DL rates in both tiers. Consequently,
the UL rates are the same as in the FDD scheme.

Furthermore, we consider the co-channel deploy-
ment of BSs and SCs under the coTDD and coRTDD
schemes. In these cases, both tiers use the entire
bandwidth and are assumed to assign equal time
fractions to UL and DL transmissions, i.e.,TUL: 0.5. This
parameter could be changed to further enlarge the
rate regions of both duplexing schemes. It is notable
that, in the coRTDD scheme, the macro UL and SC
DL rates are coupled, i.e., increasing the UL duration
of the macro tier decreases the DL duration of the SC
tier and vice versa. As before, we assume N = 100
and F = 4. By tuning the precoding parameters o and
0, different points of the rate region can be obtained,
as shown by colored trapezoids in Figure 5. Note that
the entire rate region has a more complex shape
whose characterization is a prohibitive task. The four
corner points correspond to the (a,3)-tuples (0,0),
(0,1), (1,0), and (1,1). In contrast to TDD, the pre-
coder design now affects the rates of both tiers simul-
taneously. We focus first on the coTDD scheme. In
this case, the DL transmissions of the BSs create sig-
nificant interference to the SUEs. Hence, increasing
« enables the BSs to cancel interference towards the
SUEs at the cost of reduced DL rates for their own
MUEs. On the other hand, the MUEs experience
strong interference from the SCs. Although each SC

is equipped with only four antennas, increasing /3
considerably reduces this interference. As can be
seen from Figure 5, the proposed precoding scheme
can increase the SC and macro DL sum rates by 50
percent and 200 percent, respectively. Remarkably,
the (1,1)-corner point lies well beyond the TDD rate
region. This fully justifies the co-channel deploy-
ment of SCs and BSs, even in an outdoor scenario
with strong interference. The area throughput at this
point of the rate region with a 20 MHz bandwidth is
7.63 Gb/s/km? (DL) and 8.93 Gb/s/km? (UL) which
corresponds to an average rate of 38.2 Mb/s (DL) /
25.4 Mb/s (UL) per MUE and 84.8 Mb/s (DL)/104
Mb/s (UL) per SUE.

One can observe that the impact of the precoding
scheme is less significant in the coRTDD scheme. The
main reason for this is that the interfering links have
changed. By increasing «, the BSs can reduce the
interference towards the SCs (leading to a 50 percent
gain in the SC UL sum rate) at the cost of a reduced
SINR for their MUEs (incurring a 40 percent loss in
DL sum rate). On the other hand, since the SCs have
fewer antennas than the BSs, they cannot reduce
cross-tier interference by increasing /3. Thus, only the
SC DL rates can be improved, by about 15 percent. It
is worth highlighting that although coRTDD with the
proposed precoding scheme can achieve DL sum rates
beyond the TDD rate region, this gain cannot be
achieved in the UL.

Discussion

In this section, we discuss implementation con-
siderations along with several practical aspects of the
proposed network architecture and precoding scheme,
such as channel reciprocity, channel estimation, syn-
chronization, and interference covariance matrix esti-
mation. Furthermore, some advantages of TDD and
coRTDD over FDD are explained and possible exten-
sions to FDD and UEs employing multiple antennas
are investigated.

Channel Reciprocity

In order to employ the proposed precoding
scheme, it is crucial that channel reciprocity holds.
Therefore, every UE must be scheduled on the same
frequency resources during two subsequent UL and
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Figure 5.

Macro-small cell downlink rate region with different duplexing schemes.

DL periods. Note that the TDD protocol only ensures
the reciprocity of the physical propagation channel.
However, in order to achieve full channel reciprocity,
one must compensate for random phase and ampli-
tude differences in the transceiver radio frequency
(RF) chains [12]. In general, this can be established by
either internal self-calibration [13] or external cali-
bration mechanisms [33]. A recent non-commercial
testbed developed using off-the-shelf hardware has
shown that this is generally possible, even for very
large antenna arrays [32]. Nonetheless, even if chan-
nel reciprocity holds, the interference levels experi-
enced by the UEs and the access points differ
substantially [35]. Thus, some feedback from the UEs
for rate adaptation is still necessary. Another impor-
tant aspect of the network architecture studied in this
work is the time synchronization requirement for all
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devices. Relying on the Global Positioning System
(GPS) time information, which today is available at
most access points and UEs, this should not be impos-
sible to achieve. Finally, channel reciprocity could be
also exploited in FDD systems since the eigenstruc-
ture of the wireless channel has been shown to remain
similar over a wide range of wavelengths (after appro-
priate frequency transformation) [14, 17]. The eigen-
space of the UL interference covariance matrix could
hence be used to design interference-aware precoders
similar to the ones proposed in this paper.

Channel Estimation

We have assumed that perfect CSI of the local
channels is available at all devices. If channel reci-
procity holds, CSI can be acquired at the BSs and SCs
from uplink pilots sent by the UEs. In practice, this
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Macro-small cell uplink rate region with different duplexing schemes.

has currently been exploited only in TDD systems,
while FDD systems rely on a combination of down-
link training and feedback. Unless certain conditions
on the channel eigenstructure are satisfied [3], the
overhead for channel training scales linearly with
the number of antennas, making the use of very
large arrays impossible. Another problem in dense
heterogeneous networks is the optimal assignment
of pilot sequences to UEs in order to reduce the nega-
tive effects of pilot contamination [19, 23]. The co-
channel deployment of multiple tiers is expected to
render this problem even more difficult. To the best
of our current knowledge, this problem has not yet
been addressed in the literature.

Estimation of the Interference Covariance Matrix
We have assumed that the BSs and SCs can per-
fectly estimate their local channels and interference

covariance matrices. However, with an increasing
number of antennas at the BSs and SCs, this task
becomes prohibitive. Classical estimators like the
sample covariance matrix which require that the
number of antennas is much smaller than the num-
ber of observations, i.e., the channel coherence time,
fail to work in the large antenna regime [8, 21]. In
this context, the coRTDD protocol has the advantage
that the interfering channels between the SCs and
the BSs are quasi-static so that they could be esti-
mated over very long periods of time.

FDD versus TDD and RTDD

As mentioned earlier, the choice of duplexing
mode entails which devices interfere with each other.
Apart from that, TDD is not only the key enabler for
exploiting channel reciprocity, but it also has several
other advantages over FDD which are summarized
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here for completeness (see, e.g., [4] for more details).
In contrast to FDD, TDD does not require DL feedback
of CSI from the UEs, which reduces latency. It further
does not need paired frequency bands, which are
increasingly difficult to obtain in the overcrowded spec-
trum. Moreover, TDD can lead to more efficient devices
from the perspective of both cost and power since no
duplexer is required and the same oscillator and filters
are used for UL reception and DL transmissions. Since
the entire bandwidth is used, TDD increases the fre-
quency diversity, but also increases the noise power by
3 dB. However, this does not play a major role since
dense networks are interference limited. Finally, TDD is
more suitable in adapting to asymmetric traffic since
the UL/DL ratio can be quickly changed. As mentioned
earlier, since the MUEs are prone to strong interference
from the SC tier, DL in the macrocell is considered to be
the main performance bottleneck. Reducing this inter-
ference is thus of utmost importance. In this regard,
coRTDD is a less promising candidate than coTDD since
only BS-to-SC interference can be reduced.

Possible Extensions

First, our proposed scheme could be extended to
the case of multi-antenna UEs in a rather straightfor-
ward manner. This would enable the UEs to estimate
their interference covariance matrices and employ
precoders to reduce interference to adjacent access
points or UEs during the UL transmissions. Second,
we have considered a worst-case scenario without
any form of power control, cell association, and user
scheduling. By employing location-dependent user
scheduling and interference-temperature power
control schemes, the network-wide performance
could be further enhanced [2]. Third, more sophisti-
cated duplexing schemes could be considered. For
example, an attractive alternative to coTDD is band
switching duplexing [6] (see also [4]). In this scheme,
both tiers operate simultaneously on two frequency
bands over which they apply TDD in reversed orders.
Thus, every device is permanently in UL and DL
mode so that conventional TDD-duplexing delays are
reduced. One could further reverse the orders of UL
and DL for certain fractions of devices in the network
to favorably shape the interference distribution.
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Summary and Conclusions

In this paper, we have presented a TDD-based net-
work architecture which integrates the complemen-
tary benefits of a massive MIMO macro tier overlaid
with a dense tier of SCs. The synchronized network-
wide TDD protocol is the key enabler for exploiting
channel reciprocity which allows every device to reuse
its received interference covariance matrix estimate
for interference-aware precoding. Based on this obser-
vation, we have proposed a simple precoding scheme
which relies only on local information, does not
require any data exchange between the devices, and is
hence fully distributed and scalable. Simulation results
have shown that this architecture can achieve an area
throughput on the order of tens of Gb/s per square
kilometer, which can be further improved by either
installing more BS antennas or deploying more SCs. In
summary, we believe that a TDD-based heterogeneous
network architecture consisting of massive MIMO BSs
and SCs is a very attractive candidate for the next gen-
eration of cellular networks.
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