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Temporal Correlation of Interference in Bounded
Mobile Ad Hoc Networks with Blockage

Konstantinos Koufos and Carl P. Dettmann

Abstract—In mobile wireless networks with blockage, different tures for our problem: It is defined over a finite area, and-it re
users, and/or a single user at different time slots, may be btked  sults in a non-uniform distribution of users. We use the RWPM
by some common obstacles. Therefore the temporal correlath of .\ ~4a| over a one-dimensional (1D) lattice because in thee ca

interference does not depend only on the user displacemeraw th disol tlaw is k for ti | 't
but also on the spatial correlation introduced by the obstales. In € user displacement law IS known for ime-lags equal o one

this letter, we show that in mobile networks with a high densiy of ~and two time slots'[8]. For larger time-lags, approximasion
users, blockage increases the temporal correlation of inteerence, the user displacement are also available for a zero thin&.tim

while in sparse networks blockage has the opposite effect. Note that by increasing the lattice size and at the same time t
Index Terms—Blockage, Correlation, Interference, Mobility. ~ User speed, one can obtain approximations for the contguou

1D space. Even though, a two-dimensional (2D) deployment

would be naturally more relevant, the 1D scenario allows to

get analytical insight on the system behaviour. Also, ore ca

T HE temporal correlation of interference affects the tenkyj)| find practical applications, e.g., correlation oférference
poral correlation of outage, and subsequently, it impagi$ yehicular networks.

many network performance metrics, e.g., end-to-end throug
put, multi-hop delay, etc. Assuming uncorrelated usewegti
and fading over time, the user mobility is the main factor
reducing the temporal correlation of interferenice [1]-[4] We consider a Poisson number of users, with méan

In areas with blockage, different users as well as a singhhich are moving across a 1D lattice of si2é Each user
user at different time slots, may be blocked by some commealects uniformly at random a destination, and travels with
obstacles. The interference level is dominated by the biire-a constant speed. lattice points per time slot. When it
Sight (LoS) transmissions, and the transitions between Lo&ches the destination, it stops and thinks for a number of
and Non-Line-of-Sight (NLoS) propagation conditions dae ttime slots selected from the discrete uniform distributan
mobility will reduce the temporal correlation of interfaee. {0, 1,... M}. Let us denote the Random Variable (RV) of the
However, blockage simultaneously introduces spatial ezorri-th user location byr;. Its Probability Distribution Function
lation among the users. This is due to correlated penet(®DF) in the steady state is|[8]
tion losses. Mobility, however, will not induce significant

I. INTRODUCTION

Il. SYSTEM MODEL

decorrelation of interference when the number of users i#mi(n):%—i—(l—p)g]\] (2n]_\[1§\726n (1n_1)_3,n§]\7 1)
high. Studying the impact of blockage on the moments of (N2 —1)
interference is a topic of growing interest [S]-[7], coresithg where p = M)/2 is the average think time for a

the ongoing standardization activities for commercialelgss randomly Sé\féifégﬂggﬁ)

networks in millimeter-wave bands. Nevertheless, interiee Given the locatiom, let us denote b (n+k, 7) the prob-

correlation with blockage is yet to be studied. ability that the user is located at the lattice paint-k) after
Without blockage, the temporal correlation of interferenc, time sjots. The RWPM model introduces different levels of
depends on the user displacement law [8]. In this letter, YWobility at different locations. For instance, the proliapi
show that with blockage, the correlation of interferenceso 4t 4 user thinks at the lattice pointis P(n, 1) = ~—2—
- . No(n)’
not depend only on the mobility and the penetration 10SSes Ripich means that the users close to the center tend to move
also on the user density. In sparse networks, where theabpgfj;i, higher probability than the users near the boundaBgs [

correlation among the users is negligible, the transitions \yq compute the interference at the locatiops=rn+ ¢, n =
the propagation conditions from LoS to NLoS due to mobility o LQJ andc € (0,1) ’
s 1),

)

dominate the temporal statistics of interference. As altesu’ Let consider a Poisson number of obstacles, with mEan
blockage reduces the temporal correlation of interfere@e jisiributed uniformly at random in the continuous spEceV].

the other hand, in dense networks, the correlation in thee gpstacles do not hinder the user moves, but they ateenuat
interference levels generated by different users domsntue the user signal. The number of obstacleson the linkz; —
tempo_ral corre!atio_n of interference and mobility may nelph y,, between thei-th user and the locatiop,, is a Poisson
much in reducing it. . RV with parameterg;N,, Po(q;N,), whereq; = %5, d; =

In our analysis, we use the Random Waypoint Mobility, ., | The fraction of penetration power loss per obstacle
(RWPM) model, e.g.[[9], because it has some desirable fegows the uniform distribution 010, ], v < 1. The fraction
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1TW, Bristol, UK. {K.Koufos, Carl.Dettmanp@bristol.ac.uk product of the power loss fractions from all obstacles on tha
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link. Note that the RVsg; and x; are dependent, e.g., the

longer the linkz; — y, is, the higher the penetration loss ——— No obstacles, Mean

should be, because more obstacles are likely to block the u: ol ‘_:_"L" ib:;agf;afl‘:s vean
Assuming common transmit power levé} for all users, L szmobstades‘ o

the interference at an arbitrarily selected time glat S[| ¢ N, =10 obstacles, Mean, Sim. %

I(t)="r Zi §i(t) hi(t) Bi(t) g (zi(t) —yp)

where¢; is a Bernoulli RV describing theé-th user activity,
E{&} = £Vi, h; is an exponential RV with unit mean
modeling Rayleigh fadingz; € {1,2,...,N} is the RV for ol

O N_=10 obstacles, Std., Sim.
o

Interference

_thez'-th user location with PDF giyen inl(1), andz) = ﬁ ST Pr———

is the distance-based propagation pathloss function, evher 1 o N:=40 obstacles, Std., Sim. |1

is used to avoid singularity at=0. — « = N, =40 obstacles, Std., Uncorr.
It is assumed that the user activity and fading are i 0 . 5 = ” e

dependent and identically distributed (i.i.d.) over timets Locations y , from the border to the center

and users. On the other hand, with the RWPM model, the
locations of a user are correlated in time. Different usessen Fig. 1. Mean and standard deviation of interference at thoations g,

independently of each other but their penetration losses #f c= % The model is validated at seven locations for mean number of
obstaclesN, =10 and N, =40. The minimum attenuation per obstacle3is

in general correlated because they may l_)e blOCke_d by SOfBCor v = 0.5. Lattice sizeN =50, K =50 users, continuous user activity
common obstacles. The Moment Generating Function (MGEJ- 1, pathloss exponent = 2, ¢ = 0.5, and maximum think time\/ = 5

of the interference at two time slotsand 7 is time slots.
@I:// IO £ o e fiu PO )dhd
52:“ s of each other, we used tha@{j; } =~*"<(1+s)~", and

we averaged over the Poisson distributiof?%y,). The term
a= J{,le indicates the density of obstacles.
In order to compute the moments of interference, one has

arguments in the P.DFS are omﬂte_d for b_rewty. __to average over the distributions of fading, penetraticssjo
In order to describe the correlation of interference at {'m%umber of users, user activity and location

lag [=|t—7]|, we use the Pearson correlation coefficient which

is defined as the ratio of the covariance of RY&),Z(r) (@)

divided by the product of their standard deviations. In the H{Z} :ZiE{hi}E{Ei}Zmi/ﬁig(di)f@mfasidﬂi PaK)
steady state, the moments of interference become independe

of the time we take the measurements, and the Pearson :Z]E{hi} E{gi}z E{Bn} 9(d,) fon) POK)
correlation coefficient becomes ! "

_E{Z() Z(7)} —-E{Z(t)}’
E{Z2(t)} —E{Z(t)}*

where¢, h, x and3 are vectors of RVs with e)(ement;i,, hi,
x; and 3; Vi at time slotst and 7, Pa(K) = & K’ " and the

7!

® ke > e (1=3) g(d,)) fo (n).

In (a), we used that the RVs;, 3;, are dependent. In (b),
we computedt {3,,} from equation[(B) fos =1, we used that
the users are indistinct, and we took the average in terms of
Conditioned on the number of obstacles > 1 over the Poisson distribution R&). The transmit power level has
the link z; — y,, the PDF of the fraction of penetrationpeen taken equal t& =1 andd,, = jn—y,|. Following the

power |OSSf,3i‘77O £ h(ﬂno) is equal to the PDF of the same assumptionsi we get
product of n, i.i.d. uniform RVs with support[0,~]. This

)

IIl. I NTERFERENCE MEAN AND VARIANCE

n

. o 1 Lo Mo . L 2
PDF ish(Bn,) = 5=y (1og (gno )) over the mtgrval E{IQ}:HQZ e—adn(1-3 )gQ(dn)fm(n) + K2¢%
[0,~"] [10]. The PDFf3, can be computed by averaging the n

PDF h(8,,) over th.e Poisson RVvO While _it is Qiﬁicult to  \where we used thab{h2} = 2, B{e2} = ¢, E{f2) =
express the PDFg, in terms of simple functions, its moments (12
e ), ando =32, E{A,8.}o(d)g(dn) o (n) folm)

can be computed as follows
captures the correlation in the interference levels geadiay
different users.
3) In order to compute the cross-correlation of penetratias lo
we separate between the following cases: )y, andm <y,
® oo (1-75) _ modi(1-75) orn <y, andm >y,. In that case, the links — y,, andm —y,
do not share common obstacles and the penetration losses
In (a), the rightmost terne~%"> corresponds to the LoS become uncorrelated. Thu&{3.4,} = e (dutdm) (1-3)
probability, i.e.,n,=0. In (b), we changed the orders of inte{ii) » > y, and m > y, or n < y, and m < y,. Let
gration and summation because the R¥s are independent assume thatl,, > d,,. Then, E{3.8,} = E{324.}, where

{5} < /555 > h(Bn,)Po(giN,)dB;+e M
i py=1




Bk is the penetration loss over the distante= d,, — d,.
Since the penetration losses over the 2distant:,esand dp
are uncorrelatedE{3,43,} = ¢ (4 (13 M) (13))
Similarly, one can do the cogwputation fay, <d,. Finally,
{83} = @ (min{dndnd (1= ] (1-3))

that for K > K* we havep; > p;|o—0. The critical number
K* is different at different points of the lattice.

Equation [[4) can be used to calculate the correlation of
interference for any mobility model. Next, we show how to
compute the correlatior® {3,,5,,+« }, for time-lagl=1 and
user speed: = 1 under RWPM. The number of obstacles
_ ) over the linkn— y, follows the distribution P@xd,,), and it
andm <y, or vice-versaE{4, §,} =e~ (). Otherwise, remains to identify the distribution of obstacles over timé |
E{ i} = max{dndm}, (n+k)— 1y, for all possible displacementse {—1,0,1}. For

The calculation of the mean and standard deviation of intdpat, we separate between four cases. _ N
ference are validated in Figl 1. The impact of blockage on theCase 1 n < [y]. (i) If the user thinks with probability
mean is morefrominent close to the center because over th&f@, 1), the RVs 3, and f,.,,. are fully correlated. Hence,
the terme —*?+(1~3) filters out interference from both sides off {57} = 6_7.0‘01"(1757 ). (i) If the user moves to the right
locationy,. Near the boundaries, fewer users are located a#h probability P(n+1, 1), the number of obstacles that the

Remark 1. For impenetrable obstacles,=0, whenn > y,

the interference is practically generated from one diogcti

The standard deviation of the generated interferenceéstaid
. 1.2

less from blockage because: (i) The terengd(1-37") and

user bypasses follows the Poisson distributioieBoHence,
E{Bufpt = e @@ D0=37") c=o(13)  (iii) If the user
moves to the left with probabilit(n—1, 1), the extra number

e~2dn(1=3)  which are less than unity, are under the squaRi_ 0b§tacles blocking the user sign_al;o(lllcivzszt)he_P?lifsl?n di
root in the computation of the standard deviation. (i) Th&sibution Pda) and, E{8,3,_1} = e\ 757 ) em 72/,

correlation of interference levels generated from diffixesers

Therefore forn < m, i = |y, |, the termoy; 2 01lnen, IS

increases the standard deviation. In [Eih. 1, one may see that

by ignoring the spatial correlation, i.er,= —E {I}z, the
underestimation error may become non-negligilble.

IV. TEMPORAL INTERFERENCE CORRELATION

The cross-correlation of interferen&{I(¢)I(r)} depends

on the user displacement law and the correlation of the R
B;(t) and 3;(7). After taking the first-order cross-derivative

of the MGF -2

I can be read a& {Z(t) Z(7)} =K¢&%0; + K%¢%0, where
gy :kaE{Bnﬂnﬁ-k }g(dn)g(dn+k)P(n+ k, T)fac (TL) (4)

Lemma 1. Without blockage, i.e. = 0, the correlation
coefficientp; is independent of the user density.
Proof: After replacing in equatiorf2), o = K+£2E{I}2,
dn)g(dy, P(n+k,7)fz(n) . .
we get pifa—o EZ”*’“g;E)f;(;:;fi(n). () \which is
independent of the number of useks Also, p;|a—o < %
[ |

Lemma 2. With blockage, the correlation coefficiept in-
creases with the number of useis
Proof: With blockage,p; atel for [ > 9 where

catea K
e = €1, e = €0 — £ (X, E{Bu} g(dn) (), and cs —
23", E{B%} ¢*(dn) fo(n), For K=1, p;= <. Since the terms

c1,co, c3 are positive, and the Pearson correlation coeffcient

is at most equal to unity, we get > ¢;. Based on that, we
can show that the derivative @f in terms of K is positive.
[ |

Remark 2. If we expandp; around K — oo, we getp;=1—

G +0 (%)2 Therefore, by making the number of uséfs

sufficiently large, we can guarante th@t>§ > pi]a=0- Using
that E {38k} < E{B2}V{n,k}, one can show that for
K=1,p= i—i <pila=0- Sincep,; increases withK according
to Lemma 2, there will be a critical number of uséts such

75.95; 27 (0,0), the cross-correlation at time-lag 912~

o= Z::llg(dn)fz (")87(17%72)“" (]P(n, Lg(dn)+

72

eGP, 1)g(da) e D B(n—11)g(d)).

Case 2:n > ng,na = [y,]|. Similar to Case 1, we may
ngUteam = g1 |n>n2

N
9(dy) fo(n)e~(1=37")adn

n=no+I

eGP —1,1)g(dn1) +e D P(+1,1)g(dnir) ).

Case 3:n = m;. When the user is located af;
lypl, dn, = ¢, and it moves to the leftE{G,, 5n, -1}
e=c(1-57%) ¢=2(1-3) \When it moves to the right, it passes
over the locationy, and the number of obstacles it sees
at the two time slots are i.i.d. Poisson RVs. Therefore
E{Bn Brm+1} = e—oc(1-3)=0e(1-3) = ¢=o(1=3) where
¢=1-c. The termoy3 £ 01|,=n,, Can be written as

713 = (0) Folm)e %) (B 1)g(e)+
e_a(l_%)eo‘c(l_%vz)]?(m +1,1)g(c)+
870‘(17%)]}”(711 - 1,1)g(1—|—c)).

Case 4:n = ns. Similar to Case 3, the terma;, =
01|n=ny>n2=[yp|, andd,,, =¢ can be written as

011 = 9(2) o (n2)e (57 (B(na, 1)g (o) +
e *(1=2)P(ny+1,1)g(1+0)+

e=2(173) e2e(1=57) P(11,— 1,1)¢(c) ) :
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Fig. 2. Correlation coefficientr, p2 at the locationsy,. The parameter Fig. 3. Correlation coefficientp; at the locationsy, for different number
settings are available in the caption of Hig. 1 unless otlsengtated in the of usersK and user speeds. Think time M = 0. The rest of the parameter
legend. settings are available in the caption of Hig. 1.

For impenetrable obstacles, which is a reasonable appesxirfior higher user speeds,=2,u =5, the correlation remains
tion for propagation in the millimeter-wave bands, the aboWigh in the center where the user density is high. Close to the
equations are further simplified. Finally, one has to sum dpundary, the high mobility along with the lower user depsit
the termsoy;,j=1,...4, and the calculation of; for /=1 can make the correlation of interference low but not less as
andu =1 is complete. The calculations fér-1 and« >1 compared to the case without blockage.
can be carried out in a similar manner.

The correlation coefficient,, p» are depicted in Fig.]2. V. CONCLUSIONS

Without blockage, the temporal correlation of interferei® | s Jetter, it is shown that correlated slow fading due to

higher close to the border because over there the level ff kage can have a major impact on the temporal interferenc
mobility is lower. The impact of blockage on the correlatioRyagistics. In the future, it is important to study in moreaile

depends on the location and the density of users. Close 10 {hg jnter-play between user distribution, blockage distibn,
boundaries, where the user density is low, the transiticos f qpijity pattern and interference correlation also in 2D de
LoS to NLoS and vice versa dominate, and the interferen fyments.
correlation becomes less as compared to the case without
obstacles. On the other hand, close to the center, where the

user density increases, the correlated interferencesldxain

the different users dominate over the randomness intradud¢8 R. Ganti and M. Haenggi, “Spatial and Temporal Correfatiof the

by the mobility, and the correlation coefficients becoménkig L%éggfgg% 'nsé;:_j ggogc.i Hoc NetworksEEE Commun. Leitvol. 13,

For the parameter settings used to generatedFig. 2, wevabse?] z. Gong and M. Haenggi, “Temporal Correlation of the Hieence in

cross-over points at some |ocationsy see Remark 2. OneMOb“e Random Networks”|EEE Int. Conf. Commun. (ICC)]un. 2011,
. . . pp. 1-5.

may also see that |gnor|ng the f:_orraated mterferer_]celslev%] U. Schilcher, C. Bettstetter and G. Brandner, “Temparairelation of

among the users results in significant underestimationr®rro  interference in wireless networks with Rayleigh block fayli IEEE

for the correlation coefficients. Finally, in the limit offinite Trans. Mobile Compytvol. 11, pp. 2109-2120, Dec. 2012.

. . " Z. Gong and M. Haenggi, “Interference and Outage in Matandom
think time, M — oo, the network becomes static and th Networks: Expectation Distribution and CorrelatiofEEE Trans. Mobile

user distribution uniform. Without blockage, the corriglat Comput, vol. 13, pp. 337-349, Feb. 2014.

coefficient under Rayleigh fading and continuous user gtiv [5] T. Bai, R. Vaze, and R.W. Heath, *Analysis of Blockagedgifs on Urban

is equal tol _In Fig. @, we see that blockage increases Cellular Networks”,IEEE Trans. Wireless Communvol. 13, pp. 5070-
2 5083, 2014.

further the correlation coefficient and also makes it laoati [6] T. Bai and R.W. Heath, “Coverage and Rate Analysis forliMiter-Wave
dependent. Cellular Networks”,IEEE Trans. Wireless Communvol. 14, pp. 1100-

In Fig. 33 h lati ffici 1114, 2015.
n Fig. [, we compare the correlation coetficients [7] A. Thornburg, T. Bai and R.W. Heath, “Performance An#yf

between a mobile network and a static network with user mmwave Ad Hoc Networks”,submitted for publication available

distribution given in [(1). Blockage increases the corietat _ at/http://arxiv.org/abs/1412.0755. .
ffici in th . b bility bri h [8] K. Koufos and C.P. Dettmann, “Temporal Correlation of
coefficientp; In the static case, but mobility brings the cor- Interference and Outage in Mobile Networks With Correlated

relation down when the number of users is low, ef§~+30. Mobility in Finite Regions”, submitted for publication available
When the user density is high, e.g< = 300, the spatial at/ http://www.maths.bris.ac.ukmacpd/sen/TempCorrinterf.pdf.

. . - l% M. Gorawski, and K. Grochla, “Review of Mobility Modelf Perfor-
correlation among the users dominates, and mOb”'ty can tmance Evaluation of Wireless Networks”, Man-Machine lattions 3,
make the correlation less than in the case without blockage. vol. 242, pp. 567-577, 2014.
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