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Abstract—The standardization of the fourth generation of in 3GPP Long Term Evolution to transmit the data streams
mobile communication systems was mainly driven by the de- from the evolved NodeB (eNB) to the User Equipment (UE).
mands for higher data-rates and improved Quality of Service  pthermore, LTE is a cell based system where downlink trans

To reach these goals interference coordination has been idéfied o ithi h cell th | h that intia.
as a promising research field for better exploitation of the ime ~M!SSIONS Within each cell are orthogonal suc at Intla-ce

and frequency resources. This paradigm shift from interfeence interference is avoided totally [4]. However, LTE implenten
avoidance to interference coordination is also reflected irthe a frequency reuse factor of one between cells, which makes
ongoing enhancement of the 4th generation of mobile commu- inter-cell interference a performance limiting factorcsircell

nication systems such as 3GPP Long Term Evolution. In this gqqe ysers experience transmissions from the neighbagilsg ¢
context, numerous investigations have focused on the allaiton . .
as inter-cell interference [5] [6].

of precoding matrices that are part of the link adaptation process ’ N . . .
by some form of base station (eNB) coordination. A crucial point in this context is the allocation of a par-

Within this work we develop a non-centralized interferencecoor- ticular precoding matrix which determines the beamforming
dination scheme by noticing that the re-allocation of a preoding  of the transmit antennas at the eNB. Especially, cell edge
matrix can lead to an uncontrolled change of the interferene users see inter-cell interference that is dependent onuhe ¢

level at users located in neighboring cells, especially athe . . . . .
edge. To this end, we provide a fully closed form mathematida rently allocated precoding matrices at neighboring eNBss T

framework describing these changes. Based on this, we deev dependency of inter-cell interference and precoding matri
a simple metric that improves the precoding matrix selectio gives the motivation to consider the allocation of precgdin
process in the User Equipment with the result that interferece  matrices from an inter-cell interference coordination npoi
changes can be reduced without having any standard impact. of view. Previous research in this field has shown how

This novel scheme can also be seen as an extension to prewouﬁ:e recoding matrix selection process can be optimized to
inter-cell interference coordination schemes without theneed of =z P - 9 - p > p )
base-station cooperation. mitigate inter-cell interference [7]. This goal can eithes
achieved by coordinating transmissions among neighboring
Low-Rank Precoding, Bivariate Chi-Squared density, MiMO, ©€NBS [8], or by performing coordinated scheduling between
Spatial Multiplexing | INTRODUGTION serving eNBs [9][10]. The main focus thereby is either to
o ’ ] ~ cooperatively select precoding matrices that minimizerint
The application of multiple antennas at both the transmittge|| interference, or to avoid inter-cell interference bgrp
and the receiver allows for transmission of several datgsrming cooperative scheduling such that cell edge users fr
streams at the same time. This space-time modulation schefferent cells are not scheduled on the same physical resou
is known as spatial multiplexing and is applied to reacihese techniques are summarized as Coordinated Multi Point
the performance gains promised by the application of th@ansmission (CoMP), where eNBs cooperate in order to
Multiple-Input Multiple-Output (MIMO) technlque_[l]. To coordinate inter-cell interference [11].
perfectly match the data-streams to the underlying MIM@| these investigations of inter-cell interference cdaetion
channel, precoding at the transmitter is necessary [2], €ave mainly focused on avoiding or minimizing the inter-
via precoding matrices. One major drawback here is thgd|| interference level when a certain precoding matrix is
optimal precoding with highest performance gains can onjplied. This work addresses the interference level dyrect
be achieved with full Channel State Information (CSI) at thgefore and after the re-allocation of a precoding matrix. In
transmitter, which requires a reliable and fast feedb_aalnnbl particular, we investigate the change of the interferesvell
in order to convey the estimated CSI from the receiver back §ggsed at a mobile when precoding matrices are re-allocated
the transmitter. A reduction of feedback and complexity cag neighboring base-stations. We show that especiallysaa
be gained by pre-defining a limited set of precoding matricggere the number of data-streams is lower than the number of
where the receiver simply signals the index of its optimgfansmit antennas, the re-allocation of a precoding mésis
precoding matrix back to the transmitter. _ to a sudden and yet uncontrolled change in the interference
This technique is known as finite codebook matrix precogng signal to Interference plus Noise Ratio (SINR) level
ing [3] and is one possible space-time modulation scheme Us§ UEs located in neighboring cells. This paper extents our
F. Monsees, C. Bockelmann, M. Petermann and A. Dekorsy ate winvestigations made in [12] where we derived the statistica
the Institute for Telecommunications and High-Frequeneghfiques / De- description of the inter-cell interference and SINR leveha
partment of Communications Engineering, University of lBem, Germany, mgbile that is exposed to inter-cell interference.
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that are exposed to inter-cell interference. The well gddieNB; transmitting signals to UE Transmissions within a cell
dependency of precoding matrix and interference level &e orthogonal and, hence, we focus on inter-cell intenfeze
thereby extended by a fully closed form formulation of thenly. Fig. 1 shows an example of the general setup involving
probability density function (pdf) describing the changete

interference level caused by the re-allocation of apreepdi () » Interferer Signal
matrix. Beyond that, we show that the correlation, which — User Signal
connects the interference levels before and after reatitor, :
can be described by a simple expression involving only the
two precoding matrices applied for the re-allocation. Base
on the correlation, we obtain a simple metric that reflects th
height of the change in the interference levels. Moreover, w
utilize this metric to derive a novel and easily implemetgab
UE specific precoding matrix selection strategy that augmen
currently applied inter-cell interference coordinatiamhemes

by focusing on jointly enhancing the SINR in a cell while
reducing interference changes in neighboring cells. Tais ¢
sideration augments the existing inter-cell interferecmerdi-
nation techniques by avoiding sudden changes in the imfér-c
interference anq, consequently3 in the SINR. Additionally Fig. 1. Exemplary setup where WHs served by eNB in its cell. The
scheme can be implemented without the need of a base statigiymissions from eNB and eNB to UE; and UE, respectively, are
cooperation and without having any standard impact. received as interference power

The remainder of this paper is structured as follows. IniSect K +1 =3 eNBs. U is served by eNB and is located at

I we introduce our LTE compliant system model incorporgtin . e .
K interfering eNBs. The pdf of the change in the intert-he edge of its cell, surrounded by = 2 interfering eNBs

cell interference caused by the re-allocation of the priempd that are serving the UEs in their cells. These transmissioms

. . . . . experienced as interference at §JE
matrix in a single interferer scenario is derived as theorat .
o Lo : : : enerally, all K + 1 eNBs are assumed to communicate to
distribution of a bi-variate chi-squared pdf in Section. llI

Section IV investigates the change in the SINR caused heir UEs over df}, x [t MIMO channel whereT}, denotes

the change of the interference level. The resulting pdfs atthee number of transmit antennas at gNBnd 1t denotes

presented in Section V. The novel precoding matrix selactio e number of receive antennas at JJEespectively. Al

strategy is introduced in Section VI, where we introduce eNBs transmitl; < min (T, Rx) independent data-streams,

new weighting rule that aims at mitigation of SINR chang which are called layers in the LTE context, simultaneously t

es . .
in neighboring cells while simultaneously enhancing this FSI t%rzléolé:is. ;g?;f (Ijae);e()rfegr;mearp‘/ Ere{i(‘)ded fb‘%}a(T]F\ke
in the current cell. The performance analysis of this rule R gm , k€L =100y
. : . : cpdebookI’ is predefined, of finite cardinalitg’ and stored
analyzed in Section VI-A. Finally conclusions are drawn an . L
an outlook is aiven in Section VI at each eNB. For our investigation we assume the codebook
) 9 ) o _as specified in the LTE standard [5]. In caselgf = T}, the
1) Notgtlon: We apply the following notatlon_m the réemain-precoding matrices can be written Bg = 1//Z, U with U
der of this work. Matrices are denoted by capital bold charaﬁeing a unitary matrix. I, < T, the transmission is termed
ters A. Small bold characters, , denote a column VeCtorzi?ndlow-rank and the precoding matrices are constructed bylgimp
a;) stands for theth column vector of the matriA anda removingT}, — L;, column vectors inBy,. This procedure is
denotes theth row vector.[A], ; is theith diagonal element yegcribed in the corresponding LTE standardization bdsies
of the matrixA. The expectation of a process is expressed g$ihe sequel we consider the estimated signal vektat the

E(-) and Tr(-) denotes the trace of a matrix. We express thg, iyt of the equalizer at Ugn the presence ok interfering
Gamma function a$' (-) with ' (n) = (n — 1)!. The stde\:) oNBs by

operation calculates the standard deviation, njgatihe mean

of a process. cof;-) denotes the covariance between two
processes. The inner vector product is expressed gs We
express a complex circular Gaussian distribution with mean o ) _
1 and variancer? asNc (/h 02)' Analogously, a chi-squared For channel equalization, we assume a linear equalizerteleno
distribution with N' degrees of freedom is expressedygs. asG € Cr*f at UE,. The downlink channel from eNBto

I,, denotes the identity matrix of dimensidny x L. UE; is modeled adl;, ~ N (0,1) € C*+*T+ and the inter-
ferer channels from the interfering eNBs to {J&re modeled

asH;, ~ N¢ (0,1) € CRoxTk [13]. The transmit signal vector
Xk = [Th1y e ;v;“L,c]T € C* is assumed to obey a zero mean

Within this work we assume a setup involving + 1 uncorrelated process with covariance matri>(xl£ka) =
different cells where the serving eNB per cell is denotesfI;,, where o} denotes the signal power transmitted by
as eNB, with £ € [0...K]. To simplify the description we eNBy. The complex baseband noise vectomwith covariance
assume UE that is served by eNBand is interfered by matrix o2 I, is modeled asw ~N¢ (0, 02) € CFo,

K
% = GH(Boxo + G > H;Byx; + Gw. (1)
k=1

Il. SYSTEM MODEL
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Fig. 2.  Single low-rank interferer scenario. eNEhanges its low-rank
precoding matrix fromByg (n) to By (n + 1)

Fig. 3. lllustration of SINR change per layer caused by aquec changes
at a low-rank interfering eNB

A. Problem Statement . .
UE, at the two time instances andn + 1 as

Si .
Subsequently, we pose the methodology of low-rank pre- i (n) = T+ (n) +w; 1...Lo, (2a)
coding and the problems caused. Considering (1) it is olsviou s
that the inter-cell interference is determinedBy. Therefore, vi(n+1) = ! i =1...Lo, (2b)

if eNBy, reallocates its precoding matrB;, for UE, the inter- Li+di(n+1) +wi

cell interference changes, i.e., the SINR atjUthanges. As Where S; denotes the signal powel; the inter-layer inter-
shown later, the change of inter-cell interference is fav-lo ference after equalization,; denotes the mean noise power,
rank precoding only, thus we focus on low-rank precoding (n) and; (n + 1) denote the inter-cell interference caused
i.e., L, < min (T, Ri), Vk. A more detailed insight into by interfering eNBs on théh layer at U before and after re-
the main problem that we address is given on Fig. 2. Heddocation of precoding matrices. We assume that all qtiesti
UE, is assumed to be located at the edge of its cell andifs(2a) and (2b) excepp; (n) and; (n + 1) are the same in
served by eNB over the channdH,. eNB;, serves UE inits  time instancen andn + 1. We further have

cell over th_e channdil;. The transmission takes place on the w; =E (”g(i)wng) _ ”g(i)Hgo,?ﬂ 3)
same physical resources as JJB served and, consequently, w

UE, experiences these transmission as inter-cell interfereras the mean of the noise power at the equalizer output gt UE
over the interferer channdi,. eNB, is now assumed to Remark 1: It should be noted that the change in the inter-cell
communicate to UE with low-rank, hereL; = 3 layer over interference at Uf can also be caused by a scheduling deci-
T, = Rr = 4 antennas. In this example, we assume thaion at eNR. Instead of reallocating the precoding matrix for
eNB;, reallocates the precoding matrix for WHn the order UE, the serving eNB (eNB) can also schedule a different UE
B, =T; - I'; - I'y — I's (Note that this reallocation (UE;.) with another precoding matrixB;/) on the physical

is arbitrary and is solely meant for illustrating the prob)e resource where UEis scheduled.

As a consequence of this re-allocation of low-rank precgdin

matrices, Ul experiences sudden changes in the interference Ill. THE INTER-CELL INTERFERENCECHANGE

power, leading to a sudden change in its SINR as shown in anThe previous section motivated that sudden changes in the
illustrative way on Fig. 3. It is shown that the SINR level oninter-cell interference result in changes in the SINR level

the received layers changes suddenly if the precoding xattis section we give a statistical description of the chainge

is re-allocated at eNB The dotted ellipses emphasize thehe interference level which is extended further to invaive
particular SINR changes experienced at)UE change in the SINR level. First, we consider a single interfe

To derive the analytical framework for the description oécenario, while, the results for arbitrary numbers of iietear

the inter-cell interference level change and the SINR levgte evaluated later on. With (1) we introduce the post-ezgral
change at UE we consider the two time instances wherghter-cell interference vector for the time instances

eNB;, k& € [1..K] reallocates a precoding matrix to WE _

We denote the time instance before re-allocationnaand v=GHBy (n)xy 1 <k < K. (4)

after re-allocation as + 1. The precoding matrices appliedThe post-equalizer interference covariance matrix forsttte
at these time instances are denotedBis(n) € T and time instance is thus given by

Bi (n+ 1) € T, respectively. " o " I
We further define the post-equalizer SINR on thie layer at R (n) = Ek (vv") = o GHi By (n) By (n) H/G", (5)
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and, the diagonal elemenfR (n)], , of R (n) are the inter- Note that the correlation between all random variables in
cell interference at the equalizer7 outputs atoUBEInder the numerator and denominator in (9) are zero, i, ., =
condition that the equalizer matrix is independent of the-prp,, ,. = 0, i # j.

coding matrix applied at the interfering eNB, i.&,# f (By),

we showed in [12] thafR (n)], , obey for full-rank and for A ppF for Single Interfering eNB

low-rank precoding to a scaled chi-squared distributiothwi

27, degrees of freedom, which can be written as Considering the definition given in (9), we see that the

dependency on the layer ind&at UE, is only due to theth

R (n)],, = (n) = ||g(v)||§a—]%u (n), (6) column vect_orfl,(j) of the ir_1terferer chann_el matrid;,. Note
2L that the statistical properties efare thus independent of the
] (n)wngk. layer index considered. With (11) we see that the pdf of (9)

. . L . is the ratio-density: of a multivariate chi-squared densi
Here,u (n) is a chi-squared distributed random variable. y d ty

In case of full-rank precoding we haw;, = 1/4/L;U and f-(z)=r (fX2 (T1y ey TLy s YLy ooy YL s <I>w)) ) (12)

H ) .
UU™ =L and with (5) we obtain Eq. (12) clearly shows that the pdf efhas to be expressed

Tk f1 T by a multivariate chi-squared distribution with at least
R (n) = 2 GHHIGH 7)Y Cchsq ) .
(n) Ly Ky G (") parameters describing the correlation between the mdsgina
which is independent oB;, € T. Since closed form pdfs for multivariate chi-squared pdfistex

Therefore, our analysis focuses on the impact of low-rafi literature up to the tri-variate case [14], we introdube t
precoding on the inter-cell interference and on the SINR. Wellowing simplification where we utilize a bi-variate chi-

define the change in the inter-cell interference as squared distribution [15] to derive the pdf of We thereby
interpret numerator and denominator of (9) as a chi-squared
zids = 10log,, (z;) with z; = L(”)’ i=1..L;. (8) distribution with eact2L, degrees of freedom, as derived in
’ Yi(n+1) [12]. This interpretation allows to utilize a single pargergo

With (8) we first evaluate; and afterwards the transformatiordescribe the correlation between numerator and denominato
into log-domain. In our model we assume that o, Which we interpret as the marginals of a bi-variate chi sgdar
changes from the time instaneeto n+ 1. The channel matrix density. This method will provide the exact pdf foin case of

H,, is of minor importance. It reflects the channel from th&ingle layer interfering eNBs. If the interferer rank inases,
interfering eNB to Ul only for the time instance where thean approximation for the true pdf afcan be obtained though
precoding matrix in the interfering cell in re-allocatechi§ by choosing the degrees of freedom appropriately. With (9)
justifies the assumption of a Gaussian matrix. Moreover, tHee change in the inter-cell interference can now be written

change in the inter-cell interference is a short term effect ZL;C " w(n)
which is not affected by long-term fading. We show in; = lL:: L= T u(n),u(n—i—l)wngk. (13)
Appendix A, that the definition of the interference covadan Sty unt1)

matrix given in (5) allows to express; as the quotient of  The derivation of the pdf-, (z;) and its logarithmic trans-
the diagonal elemen{® (n)], , and[R (n + 1), ,. Thus we form f.. 4s (z;4g) can be found in Appendix B.

obtain with (6), (8) and Appendix A Here, the interference powers at the time instancemd
Lo (%() 2 atn 4+ 1 are interpreted as a single chi-squared distribution
¥; (n) =1 (hk b @) (”)) Zf:"l x;  with 2L, degrees of freedom. This allows a single correlation
i (n+1) Le (£(0) 2 Ly coefficient to describe the correlation betweerfn) and
121 (hk by, (n + 1)) 2t u(n+1). As derived in Appendix D this single correlation
where:cz,ywx%. (9) coefficient can be calculated by
Most interestingly, (9) shows no dependency on the interfer Pu(n),u(nt1) =

poweroz itse]f z?\nd, consequently, the change in the inter-cell Ty (BkH (n+ 1) By (n) B (n) By (n + 1)) Ly. (14)
interference is independent of the interferer power. Wensho )
in Appendix D that the correlation of elementwith y; in (9) C€onsequently, we calculate the approximate pdf forby

can be expressed as solving
prows = (b () by (M4 D)2L2 Vi j € 1Ly, (10)  J= (z:) =7 (e (), (4 1), pugmyuinin)) - (15)

Thus we define the followind.; x L matrix that expresses With the derivation in Appendix B the pdf of the change
the correlation between all elements of numerator and dendf the inter-cell interference is expressed by (16) and the

inator of (9) transformation of (16) into log-scale is expressed by
ZdB _ ZdB
Pz1,y1 Px1,y2 to le.,yLk fde (ZdB) =107 ! 1Og(10)fz (10 1o ) . (17)
®,, = p@',yl pmf’yz pwz’_“’“ . (11) Note that due to the approximation made in (13), the exact

: : : : pdf for z; is obtained forL, = 1 layer systems. Fof; > 1,
Prr an Poogye 0 Proyr, (16) yields an approximated pdf.
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£ () = 1 i": VP 1P T () T (20 + 2Ly) 2" To(1 — p) 1720 (16)
TP AT (L) (1 ) & [T @n)IT (n + Ly) [
Remark 2: In case of multiple interfering eNBs, where 0.2 T I I
each interfering eNB changes its precoding matrix from the B~ Pu(n)u(n+1) =0
time instance: to n+ 1, it is easy to show that the correlation —A— Pu(n) u(n+1) = 0.25
coefficient connecting the experienced interference pswer —&— Pu(n)u(n+1) = 0.5
C 0.15 , .
both time instances can be calculated by == Pyu(n)u(n+1) = 0.75
Zk 1 UkPu(n),u(n-ﬁ-l) k
Pu(n),u(n+1),K = (18) T
Zk 1 0% g 0I1p /\ g
The main point here is that each interfering eNB that changes s
a precoding matrix contributes to the overall correlatioaft-
cient weighted by the squared transmit power of the indiaidu 0.05 I e\ -
eNB.
IV. THE CHA.NGE-IN THE POS.T—EQUAL-IZER SINR 0% 1 %
All results obtained in the previous section can be extended ~10 0 10
to derive the change of the SINR caused by the change in 2B —

the inter-cell interference which, as shown, is due to the rElg 4. PDFs for the change in the inter-cell interferencedsingle layer
allocation of the precoding matrix at an interfering eNB. Weiterfering eNB, parametrized by the correlatipn
therefore use our definitions of the SINR (2a) and (2b) at the

two time instances andn + 1. Analogous to to the change

in the interference given in (9) we define the change in th9t change from the time instaneeto n + 1, which implies
SINR as that the linear filter matrbG is independent of the realization

of the inter-cell interference.
- Yin L+ (n)+n;

Z,L-: =

Yim+1  Li+ i (n+1)+n;
. 02
Li + lg 3 g u (n) +

V. EVALUATION OF ANALYTICAL RESULTS

. This section provides a graphical presentation of the pdf fo
I + ||g(1)|\22f u(n+1)+mn; the change in the inter-cell interference and of the rasylti
2L’“W +u(n) change_ in the SINR, parameterized §y Figure 4 shows _the
evaluation of the closed form pdf (16) of the change in the
inter-cell interferencezgg, for different correlation coefficients
for a singleL; = 1 interfering eNB. It can be observed that the
standard deviation of the density function decreases fgin hi
orrelation coefficients. However, changes of updio5 dB
an still occur with a non-vanishing probability. Subsetflie
pdf is symmetric around dB and the probability of a
hange to a higher or to a lower interference level f8. In
any case, a UE experiencing a change in the interferenck leve
will request a change of its link adaptation by signaling the
improved or decreased channel condition to its serving eNB.
Even if the change in the interference level can also lead to
better conditions for the UE considered, uncontrolled gean
Li +ni (20) in the interference level will complicate scheduling demis
lg@|307 and increase the scheduling complexity. Moreover, an uncon
shows that; denotes the ratio of inter-layer interference plugolled varying interference level will result in changesthe
baseband noise to inter-cell interference and can be irtiegp  SINR that also have to be compensated by the link adaptation.
at the ratio of interfering effects from the serving cell eer-  To show how the number of spatial layers affects the pdf
cell interference coming from other cell§; is an abstract Of zgs, Fig. 5 shows the approximated pdfs afg for an
value that reflects the performance of the equalizer appligderfering eNB transmittingl, = 3 spatial layers leading
at the UE with respect to noise and interference suppressitthpdfs with a significantly decreased standard deviation-co
The introduction of; allows us to summarize the performanc@ared to the single layer scenario. It was stated in [12]ttheat
of the receiver at the UE, which is not specified in the |_T|§oeff|C|ent of variation for the inter-cell interferencecteases
standardization bodies. Furthermore, we assumeghdbes With ——, this leads to narrower marginal densitie:) and

2y D)

_ &Gitun)

S &G4u(n+l)
Generally, the pdf of; has to be parametrized analogous to (
by L? correlation coefficients. We again apply the bivariat
chi-square model and note that (19) can be found as the ra
distribution of two shifted correlated chi-square digttid
random variables. The derivation of the pfif (z;,) and the
transformation into dB scale, i.e., 13, ., (Zi,as) can be found
in Appendix C.
Remark 3: The definition

with u(n),u(n—i—l)NX%Lk (19)

& =2Lki—=5—5
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‘ ‘ 0.4
—&- pu(n),u(n«H) =0
03 —A— pu(n),u(nJrl) =0.25
—o— pu(n),u(n+1) =0.5
= Pu(n) u(n+1) = 0.75 03 N
0.2 A |
i X
¥ s 02f .
7
0.1 = N
0.1} i
0 | |
—10 0 10 910 * 5 : L
ZdB —

5o
Fig. 5. Approximated pdfs for the chane in the inter-celeiférence for an %48
L, = 3 layer interfering eNB, parametrized by the correlationfiicent p. Fig. 7. PDFs of the change in the SINR caused by the re-aitocatf the

precoding matrix at arL;, = 1 layer interfering eNB¢; = 0 dB

0.4 T T T
- - -Relative Frequencies
= Analytical PDF

According to the approximation given by (16) the single
correlation coefficient between the interferer powe(s) and
0.3} . u(n+1) is calculated ap,(n),u(m+1) = 0.8 to obtain the
approximated closed form pdf. Contrary to the pdf g,
the closed form pdf (50) describing the SINR chariggs is
parametrized by, which was introduced in (20). As stated
previously, we utilize¢; as an abstract measure to summarize
side effects such as the receiver performance and the inter-
cell interference power. In the following a scenario with a
0.1} s singleL; = 1 interfering eNB, which reallocates its precoding
matrix and thereby causes a sudden change in the SINR at
UE, is investigated. Fig. 7 shows the pdf éfq4s at UE
parametrized by; = 0 dB. This could occur, e.g., if UEis
910 _5 0 3 10 located close to the cell edge and thereby experiences a high
B — inter-cell interference. The pdf ?s ggain symmetric f_;\ro(]m@ _
Fig. 6. Performance analysis of pdf approximation fo.a — 3 layer and ha; a lower standard_ deV|at|qn if Fh(.e correlation wh_ﬁch i
interfering eNB switching between the precoding matriEgs— T's determined by the precoding matrices is increased. Thedmpa
of the change in the inter-cell interference on the SINR is
decreased if; increases. For comparison Fig. 8 shows a setup

u (n + 1) with decreased variances, which leads to a narrowdfth & - 10 dB. Obvioqsly, the i_mlpa_ct of the inter.-cell inter-
pdf of zqs. Again, a higher correlation coefficient leads to 47€NCe IS not as prominent as it is in the preceding example.
pdf with lower standard deviation Here, the pdfs of; 4 have a decreased standard deviation.

However, as already stated previously, the pdfs given in F@gain a higher cor_re!ation coefﬁ_cient Iead_s to a pdf _V‘_'ith a
5 approximate the true pdfs because the necessary casrelafpwer standard deviation. The major key point concludirig th

matrix &, , is approximated by (14). To prove that this ap_sectlon is t_hat aiming ata h|gh correlat|0_n while reallm_glt
proximation is still feasible for our investigations, thallow- e Precoding matrices results in a potentially lower cleaing

ing figure allows a comparison between the approximated gd¢ interference and SINR at UEs in neighboring cells.

and relative frequencies obtained by Monte-Carlo simaoiati

involving 10000 realizations forH,. Obviously Fig. 6 shows VI. REDUCTION OF UNCONTROLLED CHANGES IN THE

that our closed form pdf yields a good tail approximation for SINR

the true pdf. Henceforth, replacing the true correlationtrina  The re-allocation of the precoding matrix was shown to
that is necessary for the accurate pdf by a single valuetsesigause a change in the inter-cell interference, leading to a
in a slight approximation error. In this particular examfile change in the SINR especially at cell edge UEs. Our deriva-

0.2 .

fuB —

true correlation matrix reads tions have shown that this short term effect can be reduced
0.0732 0.4268 0.4268 if the correlation between two precoding matrices defined
®,, =] 00732 0.4268 0.4268 | . (21) by (14) is kept at maximum whenever a precoding matrix

0.4268 0.0732 0.0732 is reallocated. Especially in LTE, UEs have the possibility
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fii,dB -

ZiaB —

Fig. 8. PDFs of the change in the SINR caused by the re-aitocatf the
precoding matrix at arLy, = 1 layer interfering eNB¢; = 10 dB

) ] ] _Fig. 9. Simulation setup, UE is served by eNB while K UEs in
to request a change of a precoding matrix at their servingighboring cells are served at the same frequency timeireso

eNBs for SINR maximization. Consequently, a reduction of

changes in the SINR for the overall system can be obtained

if each UE in a system tries to maximize correlation betweewhereBL (n + 1) is the index of the optimal precoding matrix
precoding matrices. For a practical implementation, eah Un the context of SINR maximization, i.e., (22) with = 0,

has to find a trade-off between maximizing its individual ®IN and B} (i + 1) is the the selected precoding matrix obtained
and minimizing SINR changes seen by other UEs. A practiday (22). We measure the performance of applying (22) by
implementation could involve the calculation of the foliogg considering the standard deviation of the change in the SINR
cost function at each UE. i.e., stdeV(z; gg) at UEy and by the mean SINR loss defined
asy, = E(yossk) experienced at UEEL € [1...K].

B} (n+1) =
ma>(1 — w)J3|NR (B}C (n + 1)) + wdcorr (Bk (n + 1) , Bk (n)) A. Setup
st.0<w<1, Bi(n+1) el (22) _ _
_ To assess the performance of the previously introduced
Here, the function precoding matrix selection rule, we consider the scenario
Jana(Bu 0 1) = SEPEIEE o1 I, 3 UF ol oz o e edoe o
H H 0- )
T (HkBk (n+1) By (n +1) Hy ) (23) in the vicinity of K interfering cells, where at least one UE

aims at maximizing the squared singular values gfer cell is served on the same physical resource ag. UE
H.B; (n+1) and can be interpreted as maximizing th€onsequently, UE experiences the transmissions from
capacity of the resulting channel with precoding includéal. eNBs as interference. We assume that the channel matrices
maximize correlation in the interference level, we define from the interfering eNBs to their UBH,,, k € [1...K] change
from the time instances to n + 1. For the sake of simplicit
Jeor (B (n +1), By (n)) = we further assume that each of theUEs can react to thips nezv
Tr(By () B (n+1) B! (n) B (n+1)) Ly~ (24) downlink channel by selecting a new precoding matrix which
as the corresponding cost function for maximizing the darre IS then applied at its serving eNB directly. Additionalliet
tion in the inter-cell interference experienced at celletifs Selection is done by evaluating (22). Moreover, the channel
in neighboring cells if the serving eNB allocatBs, (n + 1) H; are correlated from time instanedo n+1 by a correlation
while By, (n) is allocated currently. To jointly optimize bothcoefficientr; € [0...1].
cost functions, the weighting parameterc [0...1] determines
if a UE aims at maximizing its individual SINR = 0, or if B. Smulative Results

the UE aims at minimizing SINR changes in neighboring cells In the sequel we consider a setup wikh = 3 interfering

w=1. In a practical setup a trade-off b_etween b_Oth goals hgﬁlBs. Each interfering eNB transmits ovEr; 5 = 4 antennas
to be found. However, this trade-off will result in an SINRNith Ly =1,L,=2andLs = 3 spatial Iay,efs with the same
loss at each UE that can be quantified by evaluating transmit powers. Ufis assumed to be located close to its cell
JSINR (BL (n+ 1)) edge. For this setup the chan_nel_ matr_iHe,@ Vk € [1...3] are

— , (25) assumed to be uncorrelated in time, i®.= 0,Vk € [1...3].
Jsing (B, (n + 1)) Figure 10 shows the trade-off between reduction of SINR

'7|ossk = 10 10g 10
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‘ — ‘ n+ 1 by, = 0.7,Vk € [1...3]. This investigation assumes
3| Is_tqieviziidB)@@U%Eo 43 that the downlink channels change slowly in time. In this
Yzt = ! case the UEs, Uk € [1...3], do not have to change their
= 7_/2sz =2 C@UE g precoding matrices every time instance and SINR variations
1 ——hils=3 @UE; " in neighboring cells can be avoided by selecting the same
- L 15 % precoding matrix again. Additionally, Fig. 11 clearly stow
s 9 o that SINR changes can already be decreased without sugfferin
E’ g % from visible SINR losses at UEs in other cells. The standard
2 & deviation of the change in the SINR can already be decreased
@ L 1 £ by 1dB by allowing a negligible SINR loss at the UEs in a
b § cell. This analysis shows that from a global point of view,
each UE allows a slight SINR loss by setting the weighting
w appropriately and thereby gains enhanced stability of the
SINR. The purpose of this investigation is to show the paaént
00 0.2 0.4 0.6 0.8 1 0 gains by the application of such a weighting rule, the pdssib
W performance gains have to be investigated in extensive link
level simulations and field test, which are beyond the scope
Fig. 10. Standard deviation of change in the SINR at@BEd corresponding of this work.
SINR loss at different UEs in neighboring cells as a functbthe weighting
parameterw, 1, = 0,Vk € [1...3] and¢ = —3 dB. VII. CONCLUSION
: : : This paper provided a detailed analytical insight into low-
—— stddev(: qp) @UE, rank_ inter-cell_ interference. We have_ shown that charjges in
3 —=7;L1=1 @UE, L 3 the mter-cel_l mterfer_ence are expenenc_ed at a UE_ if low-
=P, =2 @UE, T rank_ precodmg matrlc_es are .reallocate(_j in neighborints.cel
——7:03=3 @UE; = Additionally, the severity of this change is strongly degent
T = onthe combination of the currently allocated precodingrixat
2 7| 19 5 and the precoding matrix allocated at the next time instance
,§ ) ! 2 We derived the pdf of the change in the SINR that results
2z % from the change in the inter-cell interference. It could be
% » shown that the standard deviation of this pdf is dependent
z 1k 1 § on the ratio of inter-layer interference plus noise to itelt
q S interference. Additionally, we proposed a novel UE specific
precoding matrix selection rule that aims at jointly entiagc
the SINR for a UE while reducing inter-cell interference
0 b 0 and SINR changes in neighboring cells. It was shown that
0 0.2 0.4 0.6 0.8 uncontrolled changes in the inter-cell interference can be
w— reduced by approximately dB by allowing negligible SINR

losses at each UE.

Fig. 11. Standard deviation of change in the SINR atW@Bd corresponding APPENDIXA
SINR loss at different UEs in neighboring cells as a functibthe weighting PROOF OFEQUATION (9)

parametens, 7, = 0.7, vk € [1...3] and¢ = =3 dB. Without loss of generality, th#h diagonal element & (n)
can be expressed as _

changes and SINR maximization. This figure clearly showso7gHiBy (n) B{ (n) Hf! g, Furthermore, we write

that SINR changes can be mitigated if UEs, scheduled at f¢ Singular Value Decomposition ¢ft*) in the following

same resource as JBllow SINR losses, where the maximafform

SINR loss is higher at UEs that are served by a lower number SVD (g(i)) =[1][0,---,0,0,--- , 05| DA.  (26)

of layers, e.gL; = 1. Considering (23) it can be seen that the

SINR cost function involves all layers at a UE. This resufts iThe single singular valuer;, which we write in theith

an averaging over the SINR among the layers. Therefore itGglumn, corresponds to thig-norm of the row-vectorg(®).

more likely for single layer UEs to experience a high SINRVith D H,, £ H,, the vth diagonal element dR. (n) can be

loss. In this setup we considér= —3 dB which corresponds expressed as

to a scenario where the inter-cell interference power ag ISE R — 21e@I2R9B BH ROH 27
twice the base-band noise power plus inter-layer intenfeze [ (n)]”’” ol ll2hy " Br (n) B (n) by 27)
power. HereZ denotes equality in distribution. Equation (27) can be

In contrast to the previous setup, Fig. 11 shows the staformulated as the sum of squared scalar products yiglding
dard deviation of the change in the SINR and the SINR Ly )
loss trade-off for a scenario where the channels matrices R (n)], , =oc2g?|? (ﬁ(i)bk . (n)) (28)
H,Vk € [1..3] are correlated from the time instancesto vk 2; kRO
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APPENDIXB The integral in (39); can be split into two different parts
RATIO DISTRIBUTION OF THE BIVARIATE CHI-SQUARED with [16, 2.02.2] we have) = 7; + 7o with

DENSITY

n+% o— 1+§(p+1> 5 _ e\t E-1
To express the ratio distribution, the following short riista ), — / (8~ &) e ¢ (8% — &) a3
for z is introduced B=¢i z-1
(n) €, B(+2) (402)
un u 0o nt+2—1 7_i+1—5 ~ n+ 2
=— =, 29 —&) 2 e p 2D (fr— &) 2
=T @), [~ 8 Sl G
B=¢&: -
As mentioned beforef, (z) is independent of the layer index (40b)
i, we therefore drop the layer index within this derivatioheT ~ Substituting in (40a),
distribution of f, (z) can now be found by solving on+m 142
o m=2Ly v="m a=grTy
f(2) = / U fup (V2,0) dv. (30) C &g :
v= e p,-1 K ~ i
o L o 6=— B=B-& d=&—= (41
The application of (30) on the definition of the joint bivaga z—1 z
chi-squared pdf taken from [15] leads to (31). leads after fundamental algebraic manipulations to th@lsim

Further, the integral stated in (31) can be solved by appfied formulation
cation of the following substitutions o1 [ au s 1 aB i
= —¢z° BU((B+d)"~"e*dps (42)

m=2L, v=m+2n u:zi_”. (32) =0 . L
2(1—p) If v € N holds, (42) can be factorized by application of the

Subsequently, the integral in (31) can be solved by apjicat Pinomial theorem [16, 1.111]. We obtain
of correspondence [16, 3.381.3] as o vl N . 5 4

o 1 m= ¢z”71/A BY Z <v . >ﬂ”1rdr€a5dﬂ

/ v le M dy = —T (v). (33) p=0 . 0
v=0 14 o) v A
_ ~v—1 U= A2v—1—r gr _af 34
Substituting back into (31), replacingn = 2L, and = ¢z /ﬂ 0 < r >ﬂ d’e*"df - (43)
r=0

P = Pk,u(n),(n+1) ylelds (34)
The transformation of the pdf into dB scale is straightfor//é proceed by expanding (43) into a series. With [16, 2.323]

ward and yields we ca rewrite (43) according to.
z = R i P,(3)®
Juan (08) = 107 10g(10) 1. (10%F) . (35) / Py(B)e? =3 (-1) fp) . (44)
APPENDIXC p=0
RATIO DISTRIBUTION OF THE SHIFTED AND CORRELATED  Where P,(3)®) denotes thepth derivative of theuth order
BIVARIATE CHI-SQUARED DISTRIBUTION polynomial in3 with respect ta3. The integral (43) has to be

To derive the distribution of the change in the SINR €valuated for3 = 0 and 3 = co. Sincea < 0 holds, (43) will
we use the definition from (19) and perform the followingonverge to zero foB — co. Hence, the solution is determined
substitution from the pomtﬁ = 0 only. Substituting again,

&+ u(n) &+ u vl - .

L= = = E v—1—r gr _af
2 é_i Tu (’[’L T 1) . é_l T . (36) P”]l - — ( r )B d'e (45)
For the sake of simplicity, we drop the layer indéxand gnq differentiating (45§ times results in (46).

perform the substitutions = ¢; +u and = & +v The joint  colecting the unequal zero summands in (46) results in
pdf of numerator and denominator of (36) s(«, 3) can be

vt Py v—1 -
found by the direct application of the mtroduced subgtis ~___~ 1 _ ( )(v+j)!d7fﬂ17 for0<j<ov-1

. 9 Bv+i v—j—1
and we obtain B a7)
fapla,B) = fuw(la—=E&,8—¢&). (37) With the substitutions stated (41) the solution for (40a) be
ven as
Where f, , (-,-) is the bi-variate chi-squares pdf taken frorr%J
[15]. The variable3 has a support of € [¢;, o] and the ratio 1 et v—1 o—p—1_ 1
distribution of Z; can be found by solving [17] [18] = ¢2 Z —-p—1 (v+p)d aptvtl
N > N 3 (48)
f2(2) = e Bfuw(BZ =&, —&)dB, Z=1. (38) The derivation of (40b) is analogously, with the substing

stated in (41) the solution is
Note, thatz > 1 results from the fact thaff, ,(u,v) is 1

only defined foru,v > 0. The PDF ofz can be found by ,, _ ;v -1 p+u( v ) vp)ld? P 1 .
inserting the definition of the bivariate chi-square pdfnfro " p;l( ) v—p—1 ( ) aptutl
[15] into (38). The result is shown in (39) (49)
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z - u,v ) d
f=(2) L_va7 (vz,v)dv
° zmgzvm’lefﬁ = PZ] o ( )
= d
/Jozm\FF(%)( ) Z[l— (2”)F( )
Z { rn I (251) /oo L2 1420~ sty g (31)
Qm\/_l" (% )= —ll-r (Qn)!l—‘(Qn_{m) v=0
_ 1 [ VP D ()T @204 2Ly 2B 12(1— )] P
NGRS [1 - p} (2010 (n+ L) [ L } >
o 2n r 2n2+1
L(3) = Z"ZO [T\/ﬁp} W >~ BBz —¢& )2”+m 2 (B — 5.)27&;172 e~ ﬂsizflijf)isi dg (39)
Z A (3) ()7 Joe Z 1 |
n
0%Pm_ [ X (M )E I (2o —r = )7, forQ < (46)
ope ST (R (2u —r — 2)dn, forv < Q <201

Substituting back into (39) leads to the PDF for the SINRnd the density function for negative values s can be

change on théth layer given as (50).
with

-1 1
v—1 +v v—p—1
- o3 z N P [ e
(51)
v—1 v 1
— _H3Y __1\ptv | qv—p—1
” P;l( Y (v -p- 1) (v+p)ld apFott
and
&i _
d= 51 Bl v=n-+ Lk
e~ PO 143
¢ = s 1 =21y P = Pku(n),(n+1)-

(52)

The transformation of;, (2;) into dB scale is straightforward
and results in

For oo (igg) = 10755 L log(10) £, (102%), %8 > 0.
(53)
The variablez; gg expresses the distribution of

Zi.ag = 10logy () — 101og,(5), (54)

which is the difference of two identically distributed \aies
with the same mean. Henceforth, the variahlgs has to have
zero mean. Furthermore, for the chariggg holds

@ dp
B

Zidg = (55)

whereZ denotes equality in distribution. This concludes that _

[z, (Zigs) I8 symmetric around the mean value ©fdB

achieved as the positive density mirrored at zero yielding,

10 e 110g(10)fz (10%), Ziag > 0

1075 log(10) £, (1077 ) , 548 < 0.
(56)

fii,da (giydB) =

APPENDIXD
DERIVATION OF THE CORRELATION MATRIX

The elements ofe, , denote the correlation of the post-
equalizer inter-cell interference. We assume a linear lequa
izer and, therefore, it is sufficient to derive the correlati
coefficient of the pre-equalizer inter-cell interferente.ease
further analysis we write the the precoding matrix at kitle
interfering eNB at the time instances as B, and time
instancen + 1 as By, respectively.

Each correlation coefficient,, ,, can be found by solving

_ E((@i —E() (y; — E(¥))) (57)
Py stdev(z;) stdev(y;) '
Since E(z;) = E(y;) = % and stdeyz;) = stdev(y;) = 7
holds, (57) simplifies to
_ E(wiy) —E@)E(y) _ Elw) — 7 (58)
Ty stdev(z; ) stdev(y;) z_‘g

Furthermore, Ez;y;) has to be written as

E(ziy;) = o}E (lebl a.0yp1la, B b1y )BT, (l)ﬁ)

olE (Tr (hh bya,0 bl ik blb(l)blb(l))) (59)
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1 o0
NS L —p

n=0

" ot

m+m], Z>1 (50)

)!F (Lk + n)

We denote the outer produdV = hh¥ as a complex [2]
Wishart matrix with covariance MatrixX: 1. Utilizing
known correspondences for the Wishart matrix taken fronp [19
yields in combination with (59) to [3]

E (xuyv) = 4]
oiTr (E (Whya @bl (¢ W) browbll ). (60)
where [5]

E (WbLa,(z)bﬁa,(z)W) = -
b1 + T (bl,a,a)bf{am)
1 [7]
=bia,mbi, o + I (61)
Substituting (61) back into (60) leads to
8
E (ai;) = o
4 H H U% H
o Ir (bl,a,(l)bl,a.,(l)bl,b,(l)bl,b,(l)) + L_kTr (bl,b,(l)bl,b,(l)) [9]
= o Tr (b1,a,(z)bfla LIRROLI (z)) + a—é (62)
” . Ly [10]
Substituting (62) back into (58) leads to
Py, = 1T (bl,a,(l)b{{a,(l)bl,b,(l)b{{b,(l)) L, (63) [11]

which equals (10).
1) Proof of the Approximation stated in Equation (14): (9)

can be interpreted as [12]

lL:kl Ti  _

lL:k1 Yi [13]
where v and v obey to two chi-square distributions with
2L; degree of freedom. A reasonable step is to calculate tHé
correlation coefficient betweenandv. The derivation can be
obtained by substituting

u

) (64)

z =

[15]
bia) = B1a bipg = Bip . 6]
_ 9% _ Ok
o [18]
stdev(z;) = stdev(u) = —=
() (u) \/? o
ag
stdev(y;) = stdev(v) = —£

into the derivation of (63). Noting that for any precoding
matrix Tr(BB#) = 1 holds, leads to (14).
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