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Abstract

In this paper, a covariance based precoding method with R-TDD and time-
shifted pilots schemes is proposed to be effective to mitigate inter-cell and
intra-cell interference in a two-tier system where a macro cell BSs and
overlaid small cells have finite number of antennas. In previous work, the
asymptotic behavior of the signal to interference plus noise ratio (SINR) has
been obtained when there is only macro cell tier and has an unlimited number
of antennas. We exploit these results with small cells and derive the
covariance based precoding matrix when a non-orthogonal pilot sequence
from other users is received at a base station simultaneously. We propose a
scheme to avoid interference by the precoding matrix. Simulation results show
that the proposed scheme can significantly minimize the inter-cell and inter-
tier interference, and can improve the performance of the cellular network.

1.Introduction

The conventional macro cell network system is well-suited for providing wide-area
coverage, but cannot handle the rapidly increasing user numbers and increasing
mobile traffic. Two approaches have been studied to accommodate the increasing
mobile traffic. One is massive MIMO [1], [2] and the other is small cell network [3],
[4]. Massive MIMO technology is to deploy large-scale antenna arrays at existing
macro base stations (BSs). It has been extensively studied in the recent years with
several attractive features. First, the channel capacity can be increased. It means that
massive MIMO can be an alternative to traditional way of increasing the network
capacity named cell-size shrinking [5]. Second large antenna arrays can reduce uplink
and downlink transmit powers [6]-[10]. Moreover, it can focus the radiated energy
precisely towards the intended receivers, thereby efficiently reducing intra- and inter-
cell interference. Third, if the number of antennas at macro BS is much greater than
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the number of users, the linear precoders and detectors are optimal and thermal noise
and channel estimation errors vanish.

The second approach is to deploy an overlaid layer of small cell access points (SCAS)
to offload traffic from macro cell BSs. It can provide capacity enhancements. Since
deploying SCs are an efficient way to provide capacity enhancements, researches
about how SCs and macro cells can coexist are needed. In [11], a TDD-based two-tier
network architecture which incorporates the advantageous features of a massive
MIMO macro BS overlaid with small cells has been proposed. The TDD channel
reciprocity enables the macro BS to accommodate a large number of antennas without
prohibitive channel estimation overhead. This can be used to design downlink
precoders which reduce the interference to the SC-tier. The authors have compared
two duplexing schemes, TDD and Reverse-TDD (R-TDD), which determine the set of
interfering nodes between the two tiers. In R-TDD, while the macro BS is in the
downlink, the SCs are in the uplink and vice versa. The choice of the duplexingmode
changes the set of interfering nodes between the twotiers. The R-TDD scheme can
significantly minimize the aggregate cross-tier interference experienced by SCs at the
price of a negligible macro performance loss.

In this paper, we propose a covariance based precoding method with R-TDD and
time-shifted pilots schemes to be effective to mitigate inter-cell and intra-cell
interference in a two-tier system where a macro cell BSs and overlaid small cells have
finite number of antennas. The coexistence of these non-cooperative tiers has several
challenges. First, a centralized resource management approach is rendered infeasible
due to the large number of SCs [17]. Therefore simultaneous uncoordinated
communications cause cross-tier interference and aggravate the overall network
performance. To tackle this problem, the TDD protocol is essential as it makes the
macro BS to estimate the channels to its intended mobile user equipments (MUES)
and the covariance matrix of the interfering 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 the interference
covariance matrix. Hence, as antennas at the macro BS become a commodity, a
fraction of them can be sacrificed to minimize the aggregate interference enforced on
the SCs. Moreover, it is notable that the proposed scheme does not induce any explicit
form of cooperation or data exchange between the tiers.

The rest of this paper is organized as follows. Section 2 presents our system model
and formulate the problem. Section 3 presents the downlink and uplink SINR when
macro BS antenna has finite antennas. Section 4 propose the covariance based
precoding method with R-TDD and time-shifted pilots schemes. We present the
performance evaluation in Section 5 and conclude in Section 6.

2. System Model

In this section, we consider a cellular network composed of L hexagonal macro cells,
each consisting of a central finite m -antenna base station to serve its k associated
single-antenna MUEs and they are augmented with low range small cell access
points(SCAs). Each SCA is equipped with a four antennas and devotes its available
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resources to its pre-scheduled small cell user equipments (SUES). It is assumed that
transmissions across the tiers are perfectly synchronized. Both tiers share the available
bandwidth w with universal frequency reuse. Orthogonal frequency division
multiplexing (OFDM) is assumed to be used. Consequently, a flat-fading channel
model is considered for each OFDM subcarrier. For a given subcarrier the channel
vector between the i-th macro BS and k-th user of the 1-th macro cell is denoted

by 0y =+ Biuhi - It is assumed that the small-scale fading vectors, h,, ~ON(,1), are
statistically independent across users. g, denotes the large-scale fading coefficients

(log normal distribution and geometric decay). These coefficients are constant with
respect to frequency and macro BS antenna index. The pilot power of MUE and the
transmit power of macro BS are denoted by p,and P,, respectively. The pilot power

of SUE and the transmit power of SCA are denoted by p, and P, , respectively. It is

assumed that channel vectors h, stay constant during coherence blocks of T

OFDM symbols. The channel vectors in different coherence blocks are assumed to be
independent. The large-scale fading coefficients are assumed to remain constant as
they change more slowly by some orders of magnitude.

3. R-TDD and Time-Shifted Pilots Formulation in Finite Antennas

In this section, we analyze the behavior of the SINR as the number of macro BS
antennas m is finite while the number of users per cell remains finite and equal to
the length of the pilot sequence k. Also the number of SCA antenna is four while the
number of users per small cell is small. If half of the coherence interval is used for
reverse-link pilots, then the maximum number of terminals is equal to the coherence-
time divided by twice the channel delay-spread. If high radiated energy efficiency
(bits/Joule) is required, greater number of service-antennas may be desirable since
every doubling of m permits a reduction in total radiated power by a factor of two.
In this asymptotic scenario, we first analyze the case where all users send the pilots
simultaneously. Next, we propose and analyze a scheme with time-shifted pilots with
R-TDD. In both cases, it is assumed that in all cells the same set of k orthogonal
pilots of length k is used. The k-th users in all cells use the same pilot sequence

Vi = Wiar Wi ): || =1. Since the pilots are orthogonal, we have |yly,|=Ks, . -

A. Aligned Pilots with TDD in Macro Cell
In this case, pilots are sent simultaneously by all users in the system. The i-th macro
BS receives the signal given by

K Q R
Yg = sz\/pﬂikjhikjl//k +2221’pﬂirjq hirjq‘)”rjq +z; (1)
j k=1 j g=lr=1

wherez, e[ ™ is the additive noise. The entries of z are i.i.d. ON(,1) random
variables. The estimated channel vector g,, is given by
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N Ys Vi
gik’i = BIK < P |k|h|k| + \,pk] ijhlkj +Z (2)

j=1, j=i

where z/ = K DN(O I,,) . The beamforming vector w,,to the k’-th user is given
by
gik’l
W et (3)
“ 18l

After pilot sequences are received and the channel vectors are estimated, each
macro BS transmit the downlink data to its users. The k’-th user of the i-th cell
receives as

J K Q R
Yo, :;;\/P_Jk, WSy +2;;m kWi, Seg. Vi 4)
wheres, is the signal transmitted to the k -th user in the j-th macro celland s, is
the signal transmitted to the r'-th user in the j, -th small cell. v,, is the unit variance
additive white Gaussian noise. Let S, = E[|ij|2] be the variance of the received signal

s, - Then the power of the desired signal is given by

o = ENQ[ 1= EIRy By [Mjawy | [s,[ 1

After some manipulations the downlink SINR of the K'-th user in the i-th cell is
given by

. 2
o Rei Bici ||hik"|Wki ” 5
Ki— " 3 j 2 Q R + 2, ( )
2 R [Pawi [+ 22 P B [, “ Y
=1, j#i iog=lr=l

Similar interference caused by the pilot contamination occurs in uplink
communication. To obtain the desired signal, users send data to their macro BSs,
which then multiply the received signal by the channel estimation. The i-th macro
BS receives the signal given by

ZZ ij |qukj+zzlzl Mg |rJq |rjqqrjEl +Vi (6)
i a=lr=
where P/ is the macro cell uplink transmit power, g, is the uplink signal sent by the
k-th user of the j-th macro cell, P/ is the small cell uplink transmit power, and
g, is the uplink signal sent by the r-th user of the j,-th small cell. After some
manipulations the uplink SINR for the i-th macro cell is given by

U _ U |ﬁ| ||h|k|qkl "2 ) (7)

ki =
Z k] ij ||hlqukj|| Zzz rjq |r]q

j=1j=i

2
+mll

irjq Gy,
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B. Time-shifted pilots with R-TDD in Macro Cell
Let the i-th cell be in the group A . In the first phase, the received signal at the i -

thmacro BS is given by

Q R Q R
zz pkj ikj |k] ZZ\’pflqﬂqu Irqu//rjq ZZZ\’R irly |r|l1quq

jeA, k=1 quAV q=1r=1 lygA, g=1 r=1

K
+ Zz Pa By Hywy sy +2,

lgA, k=1

(8)

where g, is a uplink signal from small cell users in other group, s, is a downlink
q

signal to the k-th user inthe 1-thcell,and H, e0™" is the channel matrix between

antennas of the i-th and the I-th macro base stations. The received signalsat the
macro BS are not only pilot signals but also downlink signals transmitted by macro
BS and uplink signals transmitted by SUEs from different groups. The estimated
channel vector is given by

g y Vi Q& s
ot Z\/ ik lkl Zz Pr irly .nqquql/fﬂ

ieA, qe A, g=l r=1 (9)
+RZZ P By HaWySawy + 2.

lgA, k=1

The macro BS in all group except A, transmits downlink data to their respective
users after the channel estimation of A and the MUEs in group A, send the pilot

signals to their intended macro BS. In the state of the small cells, the SUEs in all
group except A, transmit uplink data to their intended SCA and the SUEs in group

A, send the pilot signals to their intended SCA. At this phase, the received signal of
the k' -th user at the i-th macro BS is given by

K
ZZ‘\’PkJﬁJkI jkIijskj+Zz Pl MW + Z Z\/Pklﬂlkihrkiwlkslk

jeA, k=1 leA, k=1 leA LA, k=1
Q R Q R
u
+jq;\y ;; P, B, DG, +|§’;;«/Pr gt M, (10)
R
+ Z ZZ\,Pr?ﬂlrl rly qurl +Vk|
lygA VA, g=1 r=1

where g,.. and h,, are slow and fast fading coefficients between k-th user of I-th
macro cell and k -th user of the i-th macro cell, respectively, and v,, is the additive
noise term. The received power of the desired signal s, is given by

h|Tk|W . (11)

Pk'iﬂikl

After some manipulations we can obtain the SINR of the downlink given by
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2
gkl?, _ ﬂ ik'i ||h|k|Wk| || . : . (12)
Z ﬂ jKi ||thIWk] || + Z Zpﬂklm Z Z Pklﬂlki ||hrkiWIk || +
Ay IeA,,uA/ k=1
Q R Q R
Z ZZ Przﬂirjq + Z Zzprlqﬂrlqk’i + 2 Zz rly |r| B, +Vi
€A q=1r=1 lgeA, q=1 r=1 lggA UA, q=1 r=1

The similar manipulations can be done for the uplink by using the channel
estimates obtained in equation (12) at the receivers. In this scheme, users from all
cells transmit to their macro BS simultaneously. The signal received by the i-th
macro BS is given by

R

K Q
=2 > R Bighigtg + 2.2 B By Hii, Wi, Sy, + Vi

j k=1 j g=1r=1

After some manipulations the uplink SINR is given by

é,;J'i _ - 5 Pklﬂlkl (13)
ZZ Ikl +Zj:;2 Mg ﬂlqrj '2

C. Aligned Pilots with TDD in Small Cell
In this case, pilots are sent simultaneously by all users in the system. The received
pilot signal at the i,-th SCA.Is given by

ySCA Zzz«'prjq ig |rqu//r]q +zz pkj ikj |kJWk+Zi' (14)

j g=lr=1

The estimated channel vector is given by

Ysca Vs J

A _ Mg _

giqr’iq - K - ﬂpﬂiqrjq hiqr’iq + j:lzjﬂ pﬂlqrjq i +Ziq . (15)
The base station computes the beamforming vector to its r'-th user as the normalized
version of equation (24) given by
giqr’iq

. =
r'ig n

(16)

w

After pilot sequences are received and the channel vectors are estimated, each
SCA transmits the downlink data to its users. The r'-th user of the i -th small cell

receives as

Q J K
yUr,iq :ZZZ'\' quﬁjquq Jqrg r]q rJ +ZZ\'PI( Jklh]kIWk]Sk] +V (17)
jg g=1r=1 =1 k=1

wheres,, is the signal intended to the r'-th user in the j,-th small cell and s, is
the signal intended to the k-th user in the j-th macro cell. v, is the unit variance
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additive white Gaussian noise.Let S, =

signal s, . The received power of interference signal at SUE is given by
q
2
Z z \' " 'quq 'q”aW Ma| *
JgrJg#ig 9=1

After some manipulations the downlink SINR of the r’-th user in the i, -th small cell
is given by

é’r[,?u _ — ﬂ r'ig | riy riq , (18)
3SRl SR

q=1
As in equation (8), similar interference caused by the pilot contamination occurs
in uplink communication. The signal received by i,-th SCA is given by

ySCA, ZZZ'\’P:: iqfq 'quq ql’jq +Zz ij ﬂl ki hlqukj +V (19)

j g=lr=1

hjk.Wk,H +v

g r’jq

where ;) is the small cell uplink transmit power and g, is the uplink signal sent by
the r-th user of the j, -th cell. pYis the macro cell uplink transmit power and q,is
the uplink signal sent by the k -th user of the j -th cell. After some manipulations the
uplink SINR for the r’-th user of the i -th cell is given by

V]
Pl'jq IBI 9l

| g qrjq

+ZZ ij

U _

Iy

(20)

| 4Tl qu IkJQk] H + V

2iiﬂ

=1 =1

a

D. Time-Shifted Pilots with R-TDD in Small Cell
In this section, we propose a scheme that pilot sequences are sent simultaneously with
downlink data from other SCAs.Let the i-th cell be in the group A . The received

signal at thei,-thSCAIs given by

R

Q R
ySCA ZZ\[pkl igki IrJ'//k+ zzzvpnq iqTq lquql//rJq ZZ\[Pq iy Iquqqu

] k=1 A gq=1r=1 A, q=1r=1
eAy g€ (21)

m_

+ Z Z Pklﬂiqkl HinWkISkI +Ziq.

IgA, k=1

where H;, 0 ™" is the channel matrix between antennas of thei -th SCA and the |-
th macro BS. The estimated channel vector is given by
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. Ysca, l//:-’jq 2 R 1 S e TR
iy = K = ZAZI \’prjq [MaH |quq EZAZZ Prl-ljﬂlrl h|r| qu l/jl’jq
q=1 r= lgeA, r (22)
41 Z P.S o Hi Wy S,v o1 =z, y/
2 kI Fight T TigH Y ki = ¥ Mg
3 e n TR AWV
The received signal of the r’-th user at the i,-th is given by
r| ZZ;Z; F)rjqﬂlql’thlrjq I r] +ZZ |rJCI |rjquj' (23)
Jq 9=t

The received power of the desired signal s, is

After some manipulations the downlink SINR of the r’-th user in the i,-th cell is
given by

D ﬂlrl r|q
é/,. =
ri Q -t U
5 3P i [ [+ Z 2R,

q
Jq#ig 9=1 j k=1

II’I

.(24)

In uplink phase, the signal received by i -th SCA is given by

Q R y K K i
ysc;\,q = Z ZZ«'Prjqﬂirjq hjqriu qrjq + Z Z pﬁlqu hlkiq v+ Z Z\/ R Bui Hl‘qukI S

jgeA, q=1 r=1 leA, k=1 lgA, UA, k=1
Q R
+ 15sz ; ijﬂ]kl H ijsk] +QZ/ ;;ﬂprl ﬂl Mg I I’Iq(//ﬂ (25)
+ Z ZZ rl |r| hI rig qu +V
lyeA UA, =1 r=1

After some manipulations the uplink SINR for the r’-th user of the i -th cell is given
by

U PUq ﬁlquq I I'I ql’l “
é/r(iq = Q R K ) . (26)
1 ZZ;, Prz (i anqqr,q “ Zpﬂlkl ”hn« Wy . z kZ: P B “HEQWH “ +
iqe 1 r= )
ijﬂjkl “HJI ij” Z Zzprl ﬂl riy hI riy (//rl z Zz |rI hl riy qu ” +V
je k=1 lgeA, g=1 r=1 lygA LA, g=1 r=1

4. Covariance Based Zero-Forcing Beamforming

After the macro cell uplink phase (under the TDD and the R-TDD protocol), the
macro BS decodes its desired signal and subtracts it from the received signal. The
remaining part envelops the interference and noise effects which can be exploited to
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compute the empirical covariance matrix as

1 ol 5 B 1 ol 1 ol H
E; yBS (t) yg‘s (t) = Eg(;fXSCA,i(I) +nBS (t))xﬁg(éfxsm,i(t) +nBS (t)) (27)
%)ZE[PSCA,ififiH +Ngs (DN ()] = ZPSCA,ififiH +o’l0 Q.
ieS ieS
Thus, for sufficiently long channel coherence times, the macro BS can estimate Q
with high precision. Furthermore, it is assumed that is known. Let Q-o°l, be
decomposed as VDV" where D=diag(4,..,4;) contains the eigenvalues of Q-o?I1,

in descending order and the k-th column of Vv is the eigenvector associated with
.. Therefore, given that the macro BS is equipped with m transmit antennas and

delivers independent data streams to k users, m<M -K DoF can be used to
spatially reject interference imposed on the SCs. Thus, the precoding matrix is
designed as follows

1
WSP :(IN _Umug)H+FgP (28)

1

where U, encompasses the m first columns of v and 12 normalizes each
column of W, . Hence, the firstterm 1, -U, U/ projects the precoding vectors to the
subspace orthogonal to the columns of U, .

5. Performance Evaluation

In this section, we describe the performance evaluation results.A cellular system is
organized in hexagonal macro cells with radius 500 m, with 20 users randomly
distributed in each macro cells, with 100 small cells who have one user uniformly
distributed in each small cells. All the evaluations are performed in MATLAB. The
system uses a frequency band of B=20MHzand a carrier frequency of1.9GHz. It is
assumed that the slow fading coefficients g, are an average decay of 38dB/decadeand

log normal shadowing is with a standard deviation of8dB. Time block fading model is
assumed here. Each coherence interval T consists of four phases. U is a uplink
period and D is a downlink period. The estimation process takes N period and K
means the pilot sequence period. We assume T =12and N=1. For the aligned pilot
scheme we assume K=5, D=3, andU =3. For the time-shifted pilot scheme we
assume K=3, D=5,and U=3.

In Figures 1 and 2, we show the downlink rate gains obtained by using the
covariance matrix. Time-shifted pilot approach with R-TDD is compared with the
aligned pilot approach with TDD, respectively. In both Figures, we plot the fraction of
users that can achieve at least a certain rate. First, note in Figure 1 that the downlink
rates corresponding to the macro cell time-shifted approach with R-TDD is almost
same with the macro cell aligned pilot approach with TDD. Second, Figure 2 is the
downlink rates corresponding to the small cell time-shifted approach with R-TDD and
the small cell aligned pilot approach with TDD. Note in Figure 2 that the downlink
rates corresponding to the small cell time-shifted approach with R-TDD is 2.5 times
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larger than the small cell aligned pilot approach with TDD.

Covariance based ZFBF Macro cell R- TDD Time- shifted pilot ||
Covariance based ZFBF Macro cell TDD Aligned pilot

1.2

08f \:
0.6

0.4r

Fraction of users above rate

0.2

0 =
0 10 20 30 40 50 60 70 80 90 100

Rates(Mbps)

Figure 1:Transmission rate of covariance based macro cell downlink
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Figure 2:Transmission rate of covariance based small cell downlink

In Figures 3 and 4, we show the uplink rate gains obtained by using the covariance
matrix. Time-shifted pilot approach with R-TDD is compared with the aligned pilot
approach with TDD, respectively. Figure 3 is the uplink rates corresponding to the
macro cell time-shifted approach with R-TDD and the small cell aligned pilot
approach with TDD. Note in Figure 3 that the downlink rates corresponding to the
macro cell time-shifted approach with R-TDD is almost same with the small cell
aligned pilot approach with TDD. Figure 4 is the uplink rates corresponding to the
small cell time-shifted approach with R-TDD and the small cell aligned pilot
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approach with TDD. Note in Figure 4 that the downlink rates corresponding to the
small cell time-shifted approach with R-TDD is 2.5 times larger than the small cell
aligned pilot approach with TDD.

— Covariance based ZFBF Macro cell R- TDD Time- shifted pilot ||

1.2f
""""" Covariance based ZFBF Macro cell TDD Aligned pilot

o o
) © -
T . T

I
S
T

Fraction of users above rate

0.2

L L e
0 5 10 15 20 25 30 35 40 45
Rates(Mbps)

Figure 3:Transmission rate of covariance based macro cell uplink
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Figure 4: Transmission rate of covariance based small cell uplink

6. Conclusion

In this paper, we have proposed a covariance based precoding method with R-TDD
and time-shifted pilots schemes for the behavior of the SINR in the downlink and the
uplink of cellular network as the number of macro BS and SCA has finite antennas.
We show that the fundamental limitation of such networks is the interference
present in thechannel estimation, due to the overlapping of non-orthogonal pilot
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sequences from adjacent cells. We analyze several cases based on timing of pilot
sequences and cell size. First, we consider aligned pilots that all users transmit pilot
sequences simultaneously in macro cells and small cells. Second, we analyze time-
shifted pilots that transmission of pilot sequences is shifted in time to avoid overlap.
As shown in the simulations, the proposed scheme can significantly minimize the
inter-tier interference and inter-cell interference. Also it is expected that the proposed
schemes are beneficial to cell boundary users who are severely affected by adjacent
cells.
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