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Abstract

Millimeter wave (mmWave) links will offer high capacity bwtre poor at penetrating into or
diffracting around solid objects. Thus, we consider a hytméllular network with traditional sub 6
GHz macrocells coexisting with denser mmWave small cellsgne a mobile user can connect to either
opportunistically. We develop a general analytical modeltiaracterize and derive the uplink and down-
link cell association in view of th8INR and rate coverage probabilities in such a mixed deploynvéat.
offer extensive validation of these analytical resultsiflitrely on several simplifying assumptions) with
simulation results. Using the analytical results, différdecoupled uplink and downlink cell association
strategies are investigated and their superiority is shoempared to the traditional coupled approach.
Finally, small cell biasing in mmWave is studied, and we shbet unprecedented biasing values are

desirable due to the wide bandwidth.
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I. INTRODUCTION

Two key capacity-increasing techniques for future ceflulatworks including 5G will be
network densification and the use of higher frequency badd) as millimeter wave (mmWave)
[1], [2]. The main challenges to using mmWave frequenciestheir high near-field pathloss
(due to small effective antenna aperture) and very poortpeien into buildings. However, it is
increasingly believed these challenges can be overcomeastt for outdoor-to-outdoor cellular
networks, using high gain steerable antennas in a densglematwork with sufficient scattering
[3]-[11]. Further, recent studies have shown that with shigiinly directional transmissions and
sensitivity to blockage, a positive side effect is that ifegeence is greatly reduced, and so in
many or most cases, mmWave networks will be noise ratherititarference-limited [10]—[13].
Nevertheless, it is unrealistic to expect universal cayeraith mmWave, especially indoors,
and so a likely deployment scenario is that mmWave will cistewith a traditional sub-6GHz
cellular network. The mmWave small cells will be used oppoidtically when a connection is
possible, with the sub-6GHz base stations providing usaleroverage, for both control signaling
and for data when a mmWave connection is not available. Tla¢ gfothis paper is to model
and analyze such a hybrid network, considering in partidutav user equipments (UEs) should
associate with the two types of BSs in the uplink (UL) and diawkn(DL).

A. Related Work

Downlink and uplink associations are typically couple@, ia UE connects to the same BS
in the DL and UL. In the context of a heterogeneous networkyrdimk-uplink decoupling
(DUDe) has been recently shown to significantly improve tbhemork capacity (especially in
the UL) by considering different association criteria foetUL and DL [14]. DUDe has been
discussed in [2], [15], [16] as an interesting componentfdibure cellular networks. Significant
improvement in throughput and signal-to-interferencd-aaise-ratio §INR) have been shown
in [14] with realistic simulations, while [17], [18], [25]elached similar conclusions from a
theoretical perspective. In particular, the key idea id thamany cases the uplink throughput
can be improved significantly by connecting to a small cethia UL while being on a macrocell
in the DL. A recent survey of these results, with a discussibhow to adapt it to 4G and 5G

cellular standards, is given in [19].



Meanwhile, starting with [20], modeling and analyzing o&l networks using stochastic
geometry has become a popular and accepted approach tetamding their performance trends.
Most relevant to this study, mmWave networks were analyasdaing a Poisson point process
(PPP) for the base station (BS) distribution in [11], [12]1]. In [11] a line-of-sight (LOS) ball
model was considered for blockage modeling where BSs inbel€ OS ball were considered to
be in LOS whereas any BS outside of the LOS ball was treated_&@SNIn [12], this blocking
model was modified by adding a LOS probability within the LO&I band this approach was
shown to reflect several realistic blockage scenarios. efber we consider the same approach
in this paper. Decoupled association in a mixed sub-6GHzramWave deployment was very
recently considered in [21] from a resource allocation pecsive. However, there is no complete
or analytical study to our knowledge on downlink-uplink depling for mmWave networks or

the mmWave-sub-6GHz hybrid network considered in this pape

B. Contributions and Organization

In Section Il, we model a cellular network with sub-6GHz nuails (Mcells) and mmWave
small cells (Scells) each distributed according to an iedéelnt Poisson point process. A UE
can in general independently connect to either type of BSherli and DL. The key technical
contributions of this paper are the following.

Cell association probabilities In Section 11, we derive the cell association probalaktbased
on the UL and DL maximum biased received power where therdiffieparameters that affect
the association trends are highlighted and discussed ail.d8ubsequently, a similar analysis
based on the UL and DL maximum achievable rate is given. The abdecoupled access is
discussed in detail in Section V.

Coverage and rate trends The UL and DLSINR and rate coverage probabilities are derived
in Section IV where a special emphasis is put on Scell biasig show that high biasing
values can be used for mmWave Scells due to the abundant mthdw the mmWave bands.
The altered UL and DISINR and rate coverage with the biasing value are also studied.

System design insightsThe analytical results, which employ a number of simpiifyiap-
proximations, are validated in Section V. Design insights lsighlighted in Section V-C which

include:



« Decoupled access plays a key role in mmWave deploymentshendains of decoupling
are more pronounced in less dense urban environments.

« Scell beamforming gain improves the association proligibib Scells dramatically and
therefore needs to be considered in the association phase.

« Aggressive values of small cell biasing are possible thaakhe wide bandwidth offered
by mmWaves. Supporting these large biasing values reqoaesg robust low modulation

and coding techniques to allow UEs to operate in very §IWR.

[I. SYSTEM MODEL
A. Spatial distributions

A two-tier heterogeneous network is considered where Mcatid Scells are distributed
uniformly in R? according to independent homogeneous Poisson point mecg®PP)D,,
and @, with densities),, and )\, respectively. Specifically, a deployment of sub-6GHz Mxell
overlaid by mmWave Scells is considered. The UEs are alsoasto be uniformly distributed
according to a homogeneous PRR with density \,. The analysis is done for a typical UE
located at the origin where the BS serving the typical UE fsrred to as the tagged BSThe

notation is summarized in Table |. The inclusion of sub-6G3dzlls is left for future work.

B. Propagation assumptions

The received power in the DL at a UE at locatione ¢, from a sub-6GHz Mcell 1(2)
atz € &, or a mmWave Scells) at y € &, is given by P,,1,..30GomLin(z — u)™' or
Pshy, uBsGs(0) Ls(y — u)~', respectively. Here[ is the pathloss where for the typical UE at

the origin L, (z) = ||z||*™ and L,(y) = ||y||**", « is the pathloss exponent (PLE) wherg(y)

equalsq if the link is LOS anda,, otherwise,h is the small scale fading power gain where
in this study we consider Rayleigh fading,is the the near-field pathloss at 1 m afids the
antenna gain. UEs are assumed to have omni-directionatrzageso the antenna gains are only
accounted for at the BS side. All mmWave Scells are equipp#ddirectional antennas with a
sectorized gain pattern assuming a simplified rectanguigenaa pattern that was used in [12]

where a UE receives a signal with if the UE’s angle ) with respect to the best beam

Smax

1The analysis of the typical UE is enabled by Slivnyak’s tleeor



TABLE I: Notation and simulation parameters

Notation Parameter Value (if applicable)
Doy A Mcells PPP and density Am =5 per sg. km
Dg, s Scells PPP and density As = 50 per sg. km
Doy Ay UEs PPP and density Aw = 200 per sg. km
fon, fs sub-6GHz and mmWave carrier frequencies 2 GHz, 70 GHz
Wi, Ws sub-6GHz, mmWave bandwidth 20 MHz, 1 GHz

P,., Ps Mcell and Scell transmit power 46 dBm, 30 dBm
Pum, Pus UE transmit power to Mcell and Scell 23 dBm

Kur, KpL UL and DL association tiers

Ts, T DL and UL association bias of mmWave Scells
, DL and UL association bias of sub-6GHz
e o Mcells
Qm Pathloss exponent for Mcells 3
a, O LOS and NLOS pathloss exponent for Scells 2, 4
Gomae Main lobe gain, side lobe gain and 3 dB ) )
Gs,ppins Os beamwidth for mmWave 18 dBi, -2 dBi, 10
Gm Mcell antenna gain (omni-directional) 0 dBi
w, W Fractional LOS area in a ball of radiusu 0.11, 200 m
Ny, N Load of serving Macro or Small cell
AB Association probabilities based on max. biaged
received power and max. rate
Small scale fading h ~ exp(1)
B 8= (7“"‘“*“ Z'jr“ele“g“‘)Z is the pathloss at 1
o2, 02 Noise powers for sub-6GHz and mmWave A4 dBmiHz

10log,,(W) + 10 dB

alignment is within the main beamwidit#,) of the serving cell and~ otherwise. This is

formulated by

Gopen if 10 < &
G.(0) = fler<s 5

G, otherwise
The UL received signal powers are derived by repladigor P, by P, or P,,, and inter-
changingx or y with u, respectively. Shadowing is ignored in this study sincenfonWaves

the blockage model introduces a similar effect to shadowdtgyfor the sub-6GHz network, as



shown in [20], the randomness of the PPP BS locations ensullageshadowing effect, therefore
shadowing is ignored in the sub-6GHz model as well.

All UEs served by the Scells are assumed to be in perfect rakgr with their serving cells
whereas the beams of all interfering links are assumed t@bagomly oriented with respect to
each other and hence the gain on the interfering links isideresd to be random. In Section V-A
results for the association probabilities considerindedént antenna gains are shown in order

to study how important it is to have antenna alignment in thié association phase.

C. Blockage model

A simple yet accurate blockage model that was proposed ihigldsed where a UE within
a distanceu from a Scell is assumed LOS with probabilityand O otherwise. The parameters
w and p are environment dependent; the Manhattan scenario frofhigl@onsidered for this
study. Results for other values @fand . are shown in Section V-A to study their effect on cell

association.

D. Biased uplink and downlink cell association

It is assumed that the UL and DL cell associations are basadiffement criteria, namely the
UL and DL biased received powers, respectively. The typisak associates with BS at € ¢,
wherel € {s,m}, in UL if and only if

PuTihLi(z*) ™ > Pu Ty Lt ., Vk € {s,m}, (1)

min, k>’

wherey, = G0 is the combination of antenna gain and near-field pathlod<gnis equal to
Gsrnaw
minimum pathloss of the typical UE from the”" tier and T’ and T are the UL and DL cell

or G, in the mmWave or sub-6GHz cases, respectively., , = min,cq, Li(z) is the

bias values respectively. Similarly, the typical user agges with BS atz* € &, in DL if and

only if

Psz%Lz(x*)_l > P Tpp L} VEk € {s,m}. (2)

min,k?
The assumption that large bandwidth mmWave networks asedwnited has been considered

and motivated in [12]. We show in Section V that this assuomptiolds even for high densities

of mmWave Scells. Henceforth, this assumption will be coesad for this study and is validated



later on with simulation results. Consequently and in otdesimplify the analysis, the signal-to-
noise-ratio §NR) is considered instead of ti8INR for the mmWave links. With no interference
between the two tiers due to the orthogonality of both freqyebands, the UL/DL sub-6GHz
SINR and mmWavesNR of a typical UE at the origin are given by

Pum¢mh0,$*Lm<x*>_l memhx*,OLm(x*>_l

, SINRpr.m = ,
IUL,m—i_U%q "

SINRUL,m - IDL,m T 0-7%1

Pus sh x*Ls )t Ps shx* Ls -t
SNRyL,s = v 0’02 (@) , SNRpLs = v :;2 (@) ; )

wherelyLm = Y, Pum®mhby o Ln(y—2*) Iopm = Y. PutmheoLly,(z)~! and @y, is

the point procéjgzlaenoting the locations of UEs trané%fiﬁﬁhe UL on the same resource as
the typical UE. It is assumed that each BS has at least one UfS association region. With
this assumption, the realizations &f, have one point randomly chosen from the association
cell of each BS other than the serving BS, which represemtsrterfering UE () from that
cell in the UL. Furthermore, the queues in the UL and DL areuaesl to be always full and
resources are on average equally distributed among the &lgsky proportional fair or round

robin scheduling). The DL rate of the typical UE connectedtbicell or Scell is given by

W,, W,
Rpr,m = N log(1 + SINRpL,m), Rprs= N log(1 + SNRpy, 5), 4)

m S

where NV,,, and N, are the loads on the serving Mcell and Scell respectiv@ly, ,,,, Rur s are

defined similarly.

[Il. CELL ASSOCIATION

In this section the UL and DL cell association probabilitee® derived for four different
cases wherd{p;, and Ky, denote the DL and UL association tiers of the typical UE. Hgnc
the below cases denote the probability of the UE associatirthe Mcell and Scell in the UL
and DL assuming a decoupled UL and DL association approach.

. Case 1P(Kpy, = Mcell)

« Case 2P(Kyp, = Mcell)

« Case 3P(Kpy, = Scell)

« Case 4P(Kyy, = Scell)



Note that the sum of probabilities of Case 1 and 3 equals 1 anilady for Case 2 and
4. The association probabilities are derived in the folligviwo subsections, maximizing the
biased DL/UL received power and the DL/UL rate, respecyivelubsequently, the outcomes
from the two association strategies are compared in SettAn

In order to derive the association probabilities, we firsdrelsterize the point process formed
by the pathloss between each BS and the typical UE at thenoAgisuming a BS at € R?, the
pathloss point process is defined &s:= {L;(x) = ||x||* }.cs,, Wherel € {m, s}. Making use
of the displacement theorem\/;, is a Poisson point process with intensity measure denoted by
A;(.) similar to [12], [22]. Since the pathloss in the sub-6GHz ama\Wave cases has different
characteristics, we will have two independent pathlosgsses for mmWave and sub-6GHz
given by N, and \V,, respectively. Therefore, the intensities, probabilitgtdbution function
(PDF) and complementary cumulative distribution funct(@CDF) will be derived separately
for mmWave and sub-6GHz.

Lemma 1. The distribution of the pathloss from the typical UE to the tagged BS is such
that P(L;(z) > t) = exp(—A;((0,1)]), where [ € {m, s}, the intensity measures for pathloss in
mmWave and sub-6GHz are given by

A((0,8)] = ms< (wt% (11— w)t%) 1(t < po) + (w;ﬁ (11— w)t%) 1(p™ <t < p®)

+ten (t > u“n)) (5)
A ((0,8)] = T At (6)
Proof: See Appendix A. [ |

Since \; is a PPP, the CCDF of pathloss to the tagged BSi¢) = P(Li(z) > t) =

exp(—A,((0,1])) and the PDF is given by;(t) = =28 — A1((0,]) exp(—A,((0,1])) for [ €

(m, s). The expressions for the pathloss process CCDFs for mmWadeeh-6GHz are given



F,(t) = exp (— ms( (wt% +(1- w)t%> Lt < p™) + <wu2 +(1— w)t%) L™ <t < po)

Al (t > ;ﬁn))) (7)

Fou(t) = exp <—7T)\mt%m> (8)

and the corresponding PDFs by

l_l %_% 2 2
fs(t) = 27r>\st - ((anm +(1- w)) exp (—7?)\5 (wta‘z +(1- w)tan>) 1(t < p)

(079 0%

+ (1 —w)exp (—70\3 (wuz +(1— w)tcfn)) L(p™ <t <p*)+exp <—7T)\st%) 1(t > ,uo‘”)>

(9)

2 1
2w\ tom

Om

fm(t) exp (ﬂ)\mt%m> . (20)

All the needed components to derive the association prbtedispecified above are now

available.

A. Maximum biased received power association

In this subsection, the UL and DL association probabilitresimizing the biased UL and DL
received power respectively are derived. This method erredl to as maximum biased received
power (Max-BRP). It is assumed that the DL and UL servingscalle chosen based on the
biased DL and UL received powers respectively. The assonigrobabilities are defined in the
following definition and the final expressions are given inrirea 2.

Definition 1. Max-BRP Association probabilities. The probabilities of the typical UE asso-
ciating to a sub-6GHz Mcell or mmWave Scell based on the maxinbiased received power

in the downlink or uplink is defined as

ADL,m £ P <Pmeme_l > PsTs¢sL_1 > (11)

min,m min,s

AUL,m = P (PumT;nquL_l > PusT;wsL_l ) (12)

min,m min,s
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Aprs 2 P <P Ty Ly, > P Tmzmem}nm) (13)
AUL S ]P) (PusT, ws min,s > PumT/ wm min m) . (14)

Lemma 2. The uplink and downlink association probability to a sub-6GHz Mcell or mmWave
cell are given below.

o, / P ( o (1) ) (exp (=t + (1= )i 11 < o)
Qe

amac 0

(15)
+ exp <—7T)\s ((1 — w)li +w,u2>) ]l(,ual << ,uan) + exp <_ﬂ-)\sl%> ]l(l > ,uom)>dl
AC,S =1- Ac,ma
wherec € {UL,DL}, ap;, = =% andayy, = oottt

P Tmdm Pum T, m *

Proof: The proof forApy,,, is given below.

ADL,m =P (Pumewm min,m > PusTsws min s) =P (Lmin,s > aDLLmin,m)

oo

= [ Fulavnl) )it

0

where the last step follows from the fact tHtX > Y) = [ P(X > y) fy(y)dy
0

Changing variables as= apy,l,, Yields

ton= L Jrws (L)
9 DL

This directly results inApy, ,,, and Ay, follows similarly. [ |

Corollary 1. The association probabilities can be acquired in closed form for the special case
where oy = 2 and «,, = o, = 4 and with simple mathematical manipulation, Ap,,, can be
expressed by

TAm ﬁe‘ffl ( Co ) (Q,ucl + 02) o e Hez cre~hie
ApLm = — S 4+ e Ha — ,(16)
DL, /apr, < 24 /Cq (Q \/ 201 Q iV 201 c Co 02(01 + 62)

wherec; = TAw, ¢ = A (1 —w) + ’;?" and@(.) is the Q-function. Similarly, the other three
apy,

cases can be obtained in closed form.
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B. Max-Rate association

In this part the UL and DL association probabilities are \deatiwhere the association criteria

are the UL and DL rates respectively. The sub-6GHz Macro Ddoeistion probability is given
by

W,, W
BDL,m =P 10g2(1 -+ SINRDL’m) > 10g2(1 -+ SINRDL’S) .
Nbpr,m Npi,s

It is assumed thatINRpy, ,,, ~ SIRpL,, andSINRp, =~ SNRpL, s for simplicity since sub-6GHz
frequencies are interference limited whereas mmWaves ateerr noise limited. In order to
simplify the expressions, an approximatiaihat was proposed in [23] is used where the cell
load is characterized by the average number of UEs per cethercorresponding tier. The

average load on the serving BS of tiefor the UL and DL is given by

- 1.28\,.B.
No =1+ Tl for I € {m,s} and ¢ € {UL,DL}. (17)
This approximation results in
(WS(>\77L+1-28AU,BDL7m)>‘S)
BDL,m =P SIRDL’m > (1 + SNRDL,S) WmAst1.283uBpr,s)Am | 1]. (18)

Having Bpy..., on both sides of the equation makes it very hard to solve.€fber we resort to
a simple approximation by neglecting the load term in the etpression (setting/,, and
to 1). In other words deriving the association probabiliaséd on the maximum achievable rate
in the UL and DL. This approach is suboptimal but it resultsaitractable expression for the
association probability and also suffices our purpose oWsig different decoupling trends as
compared to Max-BRP as will be shown in Section V. The assiociarends resulting from this
approximation are also validated in Fig. 7(b). Hencefohnils thethod is referred to adax-Rate
and the corresponding association probabilities are ndmete

Definition 2. Max-Rate Association Probability. The association probabilities in the UL and

DL to a sub-6GHz Mcells and mmWave Scells for the Max-Rate e given by

Be =P (smc,m > (1+ SNRC,S)@%) — 1) (19)
()
B., 2P (SNRC,S > (14 SIRe )\ Ws/ — 1) ; (20)

This approximation was proposed for sub-6GHz in [23] and leter verified for mmWaves in [12].
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wherec € {UL, DL}.

Using power control in the UL would complicate the UL coveragxpression where the
derived expressions in [24] and [25] include two to threegnéls. Furthermore, it is assumed
that UEs transmit with their maximum power on mmWaves sino@/Maves are coverage limited,
therefore to make the analysis consistent and fair we asdhateUEs transmit with their
maximum power on sub-6GHz as well. With the assumption of o@gu control the UL and
DL coverage expressions (neglecting noise and considexpgnential fading) are the same.
In order for this assumption to be valid we also need to asdinaiethe interferers in the UL
are PPP distributed and that the exclusion region aroundyfieal UE/BS in the DL/UL are
the same. Although the latter might seem to be a strong asgmip will be shown in Fig.
4(a) that the derived rate based association probabilitgmesa very well the simulation results,
verifying that the above assumptions are valid.

The final expressions for the Max-Rate based associatidmapilities based on Definition 2
are given in the following lemma.

Lemma 3. The DL and UL association probability based on the maximum achievable rate

for mmWave Scells and sub-6GHz Mcells are given below.

Bom = / fom...(2) dz (21)

Ws
0 1+p((1+z)Wm —1)

Bc,s =1- Bc,m7 (22)

o2 T —z0? 2 T g
wherec € {UL, DL}, fowmpr.(x) = 5.5 [ lexp (P—wl> fs(D)dl, p(t, o) = tom [ d%% and
0

Ty 14u

tam

fsnror, . 1S the same aggw,, . exchangingP, by P, .
Proof: See Appendix B. [ |

After deriving the association probabilities, the UL and BINR and rate coverage probabil-

ities are derived in the next section.

V. SINR AND RATE DISTRIBUTIONS. DOWNLINK AND UPLINK

In this section theSINR and rate coverage distributions are derived for the DL anditJL

the mmWave and sub-6GHz cases. These distributions woldimeatudying the effect of the
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different association strategies on theNR and rate of the whole system. TIS&NR and rate
CCDFs will be derived for the Max-BRP association case osltha derivation for the Max-Rate
association is quite complicated and will be left for futwverk. However, we use biasing in
the results foISINR and rate coverage probabilities in Section V to validate es@ithe trends

that result from the Max-Rate association strategy.

A. SINR coverage

The SINR coverage can be defined as the average fraction of UEs thatyagjigen time
achieveSINR 7. The SINR coverage is the CCDF of th&INR over the entire network which,
due to the assumption of stationary PPP for the UEs and B&$)eaharacterized considering
the typical link between the typical UE at the origin and #swng BS. Since mmWave networks
are usually noise limited (i.e8INR ~ SNR), we consider the&NR coverage for mmWaves while
still consideringSINR for sub-6GHz. TheSINR/SNR coverage in the sub-6GHz and mmWave
cases is expressed &8;, £ P(SINR > 7) and P, = P(SNR > 7) respectively. Since there is no
interference between the mmWave and sub-6GHz BSs31kRe/SNR coverage can be derived
separately for sub-6GHz and mmWave.

Similar to Section IlI-B, since UL transmissions on mmWages assumed to be at maximum
power, the sub-6GHz UISINR coverage is derived assuming maximum UL transmit power (no
power control) for simplicity and fairness. The final exmies for the UL coverage probability
with fractional pathloss compensation power control isegivbelow.

Theorem 1. The SINR coverage probability for the typical UL and DL links based on the

Max-BRP association criterion is given by

PDL(T) = PDL,m(T) -+ PDL,s(T)

—71021 —27\ T tom L _
m n dt | F; D) f(D)dl
exp (Pm¢m> exp | — / - (apLl) fim (1) 23)

l

—710il\ - l
exp < Do, ) Fo <E) fs()dl

+

/
/
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PUL (T) = PUL,m(T) + PUL,s (T)

T —71021 —27A T t%_l _
= m n de | F, O (0)dl
/ b (Pum¢m> P / 1+ (@usd) (1) (24)

0 Tl

T —7102l\ - [
>e 5 — [
+0/e p (Pusws> F, (aUL) fs(Ddl,

whereF,, F,,. fs, fm, ap. andayr, have been derived/defined in Section IIl.

Proof: See Appendix C. [ |

The final expression dPy;, with fractional pathloss compensation power control isgiby

o0 o o 2
—702 ¢ —27 )\ 2T Ayt~ TAm U
PuL(T) = /exp( o )exp T / 1 —/ TAmt ¢ du | tem'dt
0 l 0

Pum®m O, (1 4+ Tl —cuct—1)

(25)

« Ey(aund) fon ()l + / exp <ﬂ> F <L) L)L,
/ Puss ayL
wheree is the pathloss compensation factor. The prooffes, ., follows along the same lines
as in [24] therefore the proof is omitted. The inclusion oé thower control adds an extra

integral to the Mcell coverage expression which makes iteqgoomplex. Therefore we stick to

the assumption of no power control and use the expressioméorém 1.

B. Rate coverage

In order to derive the rate coverage, the load on both Mcell Snell tiers needs to be
characterized. We resort to the same approximation usecedatid®d IlI-B where the load is
given by (17). This approximation is validated with simidatresults in Fig. 5(b).

Definition 3. The rate coverage probability is defined as

W P
R(p) =P(R>p) =P (W log,(1 + SINR) > ,0) =P (SINR > 2% — 1) .

Using the above definition, the UL and DL rate coverage priibas are given by

- 1) (26)

pNDL
S

pNDL,m .8
Rou(p) = Rovm(p) + Ror,s(p) = Porm <2 W — 1) + Ppr,s (2 w

PN L,m PN L,s
Run(p) = RuLm(p) + Runs(p) = Purm <2 W — 1) + PuL,s (2 W 1) : (27)
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V. PERFORMANCE EVALUATION AND TRENDS

In this section we validate our analysis with Monte Carlowdemions where in each simulation
run, UEs and BSs are dropped randomly according to the gmmnelng densities. All UEs are
assumed outdoor. The association criteria, propagatichbdéockage model are as described
in Section Il and the simulation parameters follow Table bkind the analytical results, the
different factors that affect the association probabéitg studied. Special emphasis is placed on
the Downlink and Uplink Decoupling (DUDe) [14] to understiaif decoupling is still useful in
the case of mmWave networks. Furthermore, 38R and rate coverage trends are illustrated
considering the special case of biased DL received pow@cedmon where the effect of small
cell biasing on botlSINR and rate trends is studied with a reflection on the implicetim real
deployments.

The parameter values in Table | are used as a baseline. Sothe parameters are altered in

some figures in order to understand their effect on the aasociprobability.

A. Association probability

We start by looking into the Max-BRP association probaksiderived in Section IlI-A and the

different factors that affect these probabilities. It is@awed thatz, = G in the association

phase. The UL and DL association bias values are unity (O diRdss otherwise stated.

Association analysis validation.Fig. 1(a) illustrates the association probabilities dedivn
Lemma 2 against the ratio of Scells to Mcells density and amegb with simulation results.
It can be seen that the simulation and analysis results haegyaclose match which validates
our analysis and gives confidence in using the analysis ®ifadhowing results. Furthermore,
there is a difference between the DL and UL association fitibas for Scells and Mcells, this
difference represents the decoupled access where UES pyefennect to different cells in the
UL and DL. We refer to this difference as tldecoupling gain for the rest of the paper. In the
Scell case, it can be noticed that the UL association préibais always higher than the DL
one, this is because the UL coverage of Scells is larger ttsabli coverage and vice versa
with Mcells. The figure shows that more than 20% of the UEs lt@upled access at a ratio
of Scells to Mcells of 40, in other words the decoupling gar20%.

Antenna gain’s effect on the association probability Fig. 1(b) shows the association

probability whereG, = 0 dBi, i.e. there is no antenna gain. Predictably, there is vewy lo
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Fig. 1: (a) Association probability and validation of theabysis with simulation results foz, = 23 dBi. (b)
Association probability withGs = 0 dBi.

Scell association probability in the UL and DL. On the othandi, Fig. 1(a) shows a high Scell
association probability witliz, = 23 dBi.

Another observation is that highé¥, leads to lower decoupling gain. This stems from the
blocking model which is represented by a LOS ball. Most of Biecoverage is inside the LOS
ball (with a certain probability of low pathloss exponenLB) («, = 2)) while the UL coverage
extends to the NLOS area (with higher PIL&, = 4)). Therefore increasing the antenna gain
expands the DL coverage at a faster rate than the UL coveragéodhe difference in the PLE
between the LOS and NLOS areas. This in effect reduces therefite between the UL and
DL coverage of Scells which, in turn, reduces the decoupyiam. It is worth noting that this
trend could be seen with other blockage models as it only m¥pen the fact that UEs that
are closer to the mmWave Scells have higher LOS probabhiy tUEs that are further away
which is a general characteristic that would be included osihblockage models.

Fig. 2 illustrates the ratio of Scell to Mcell density/)\,, at which the crossing point between
the Scell and Mcell UL and DL association curves occurs \&ithe antenna gaid:;. The
difference between the two curves is an indication of theodpling gain which is shown to
decrease with the increase @Gf which confirms the trend in Fig. 1. In addition, the decregsin

tendency of the curves indicate that the crossing point élap@at a lower density of Scells the
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curves occurs versus the Scell antenna gain

more the gain is increased which results in more and more W&scating to the Scells.

Pathloss exponent and LOS ball parameters effect on the assation probability . Fig.

3 shows the effect of the PLE and the LOS ball parameters omelceupling gain. Having a
higher«,, and «,,, thana; results, as in the previous figure, in reducing the diffeeebetween
the DL and UL coverages of the Scell since the DL coveragessraed mostly in the LOS ball
which makes the DL coverage expandasgets smaller resulting in reducing the gap between
the DL and UL coverage borders and, in turn, decreasing ticeugding gain. Therefore the
higher the difference between, or «,, with «;, the lower the decoupling gain.

On the other hand, having a higher LOS ball radiusresults into a higher decoupling gain
since asu gets larger more of the UL coverage of Scells area is includettie LOS region
which helps in expanding the UL coverage of Scells and, in,tincreases the decoupling gain.
The lower PLE and larger are characteristics of a low density urban environment adicate
that decoupling is more relevant in such a scenario.

Max-Rate association probability validation and trends The results in Fig. 4 are based on
the Max-Rate association probability derived in SectidsBlIFig. 4(a) illustrates the comparison
between the analysis and simulation where the very closehatween them validates our
analysis and the assumption of having the same exclusioonrégr UL and DL. The rate based

association results into more offloading of UEs towards mwa\acells as compared to Max-
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Fig. 3: Variation of the decoupling gain with the pathlospexents ¢) and the LOS ball parameters.

BRP in Fig. 1. This is a direct result from the much wider baitfiwat mmWave Scells. It can
also be noticed that there is a decoupling gain in the MaxeRasociation as well. However, in
this case the decoupled association results from UEs tgridinonnect to a Scell in the DL and
to a Mcell in the UL which is shown by the superior Scell DL agation probability compared
to the UL and vice versa with the Mcell case. This behaviouopposite to the Max-BRP
association in Fig. 1. This is a result of the higher bandwit mmWave Scells which pushes
more UEs to connect to the Scells in the UL and DL and since ememal- the UL range is
more limited than that of the DL then the mmWave Scells caardfio serve more UEs in the
DL than in the UL. This effect is amplified the further the UEe &rom the Scell. At a certain
point the UL connection towards the Scell is too weak wheteaDL one is relatively stronger
and this is the point where the decoupling happens.

This effect is further clarified in Fig. 4(b) where the incsean the DL association probability
in the Max-Rate case over the Max-BRP case is more than 40%ehigan the UL increase.

This important result will be further confirmed in the subseqt results.

B. SNR and rate coverage results

In this part we present several results for BI&R and rate coverage to illustrate the effect
that the mixed sub-6GHz/mmWave deployment has orsth& and rate distributions and how

the bias can affect these distributions. From this point ans, we consider thaf, = L5
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Fig. 4: (a) Max-Rate Association probability analysis ptoimpared with simulation. (b) The difference between
the UL/DL Scell association probability based on Max-Ratd #Max-BRP.

and T;, = z1= whereT,, = T,, = 0 dB. In other words, we assume that the UL and DL

cell associations are based on the DL biased received powerewbiasing is only assumed
for Scells. The reason behind this is to clearly show thecefté small cell biasing on both
UL and DL SINR and rate distributions based on the same association meohased in LTE
systems where biasing is done jointly for UL and DL and is dase biasing the DL received
power. This will help in drawing conclusions related to hourrently deployed systems need
to be changed and this setup will also be used to confirm oightsregarding the Max-Rate
association as will be shown later on.

SINR and rate coverage analysis validationFig. 5 shows theSINR and rate distributions
with no bias [y = 0 dB) where theSINR and rate analysis expressions in Section IV are
compared with simulation results. The figure shows that tiedyais gives quite accurate results
that match very well the simulation results, this allows aisise the analysis for further insights
in the coming results. Furthermore, Fig. 5(b) has a flat amtavden10” and 10°(b/s) rate
threshold, this area separates the sub-6GHz UEs b&ld(b/s) from the mmWave UEs with
very good channel abovE)®(b/s). This shows the substantial difference in rate thatlénger
bandwidth in mmWave could offer.

(SINR =~ SNR) validation. Fig. 6 shows simulation results for the CCDF of the mmWave UE
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UL and DL SINR andSNR for two different mmWave Scells densities. It can be seemftbe
figure that for\, = 30/km? the SINR andsSNR are almost overlapping and even)at= 200/km?
the difference betweeRAINR and SNR is very small. This result confirms our assumption that
interference in mmWave has a minimal impact on coverageHermnmWave Scells densities
considered in our scenario. This, in turn, confirms that3tier can be approximated by tisaiR

for mmWaves which is quite different than the trend in sulH&Getworks where&INR ~ SIR.
Furthermore, the break point in the curves at 30% and 90%eBDF for\, of 30 and 200
shows how theSNR starts degrading quickly after a certain point which is aiitesf the LOS
ball blockage model which assumes that beyond a certaiaristbetween the UE and the BSs
all the UEs are considered non line of sight. In addition, diegradation affects fewer UEs at
As = 200/km? since at a higher density fewer UEs are expected to be outsedeOS ball of
the mmWave Scells.

Scell biasing effect on SINR and rate trends Several previous studies have shown the
importance of cell biasing in Hetnets [23], [26], [27]. Howee, the different propagation char-
acteristics of sub-6GHz and mmWaves and the high imbalant®ei available resources in both
bands could result in different conclusions when it comdsidasing. Hence, the following results
focus on the effect of biasing on the syster®®R and rate coverage and the optimal value of
biasing for UL and DL.
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~ SNR).

Fig. 7 illustrates the UL and DL 5th percenti®INR 795 and ratepy; against the Scell
association biasI{;) where the relation between the 5th percergii®iR and theSINR coverage
is (P(m95) = 0.95) and the same for rate. In Fig. 7(a) the BILNR increases slightly and then
starts decreasing beyond 5 dB bias, the $INR behaves similarly. The slight increasedmNR
at the beginning is due to the negligible interference in maw&networks, therefore although
the SNR is reduced the overalINR is slightly increased. On the other hand, the 5th percentile
rate in Fig. 7(b) is peaking at a bias of 30 and 35 dB for the Utl Bh respectively. However,
the correspondin@INR values with such large bias are around -30 dB, which is exhghow.
The reason for the high rate despite the I8WR is obviously the much higher bandwidth at
mmWaves. These bias values are over 100x the typical vakess is sub-6GHz scenarios in
[23], [26], [27].

The design insight behind this result is that very robust atattbn and coding schemes need
to be considered for mmWave networks so that they can opeatatery low SINR. Another
insight is that the UL 5th percentile rate peaks at a lowes bi@ue than the DL rate which
means that a fraction of the UEs would tend to connect to tiedl &od Mcell in the DL and
UL respectively. This confirms the trend resulting from th@xXvRate association in Fig. 4(a)

about thereversed decoupling behaviour since at the optimal bias value UEsaasemed to be
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Fig. 7: 5th percentilSINR (a) and rate (b) against the small cell bias value in dB.

connected to their rate optimal cell. This also confirms thatassociation probability in Section
llI-B (with N,, = N, = 1) results in the same trend as the optimal rate results (@ensg the
cell loads) in Fig. 7(b).

Fig. 8 illustrates the 50th percenti#dNR and rate where a similar behaviour to Fig. 7 can be
noticed. However the increase in the 50th percergtil8R in Fig. 8(a) is much higher than in
the 5th percentil€INR, also the decline starts at a higher bias than the 5th péiec8anR, this
is because the 50th percentile UEs typically are closer ve laabetter channel to their serving
cells. Therefore, a degradation in theifNR would require a higher bias value. Looking at the
rate in Fig. 8(b), it can be noticed that it peaks at around BMids for the UL and DL which
corresponds to afINR of 3 dB for the DL and -2 dB for the UL which is still considerenin
for the median UEs, therefore the need for robust modularahcoding still applies in the 50th
percentile UEs case. The fluctuation in the 50th percerdiie beyond 50 dB bias results from
UEs moving from their serving mmWave Scells to less loadedWare Scells which results in
a slight increase in the rate.

Impact on infrastructure density. In Fig. 9 the impact of the density of mmWave Scells on
the 5th percentile UL and DL rate is illustrated. It can beeastsed that the optimal bias in terms
of achieved rate is 30 and 35 dB for the UL and DL respectively these values are the same

for all densities. It has been shown in [23] that the optimaslTonsidering resource partitioning
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decreases with the increase in the Scells density because afcreased interference on the
range expanded UEs. However, in our scenario it was alrelaolyrs that mmWave operation is
noise limited, therefore interference has a marginal effddch explains the invariance of the

optimal bias with the Scell density.

C. System design implications

In this part we summarize the system design and deploymeaiications based on the results

shown previously in this section:
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« The association probability of mmWave Scells is dramditaatproved as the Scell beam-
forming gain is taken into account during the associatioasgh This indicates the impor-
tance of having highly directional beams in the associatibase.

« Decoupled access is still relevant in mmWave/sub-6GHz Hegtifitom a maximum received
power as well as rate based associations. It was shown th&eD¥ key for optimal
performance in both UL and DL whether the optimization ciite is received power or
rate where decoupling occurs in different directions fa tivo criteria.

« Decoupled access is more relevant in less dense urban emeérds. This is reflected in
Fig. 3 by the higher decoupling gain with a smalley, and «,, and a higher LOS ball
radius (:) and both features characterise low density urban scenario

« Aggressive values of mmWave Scell biasing can be benefititdrms of rate as shown in
Fig. 7(b). This would result in UEs having to operate in vesw ISINR which gives rise to
a need for robust modulation and coding techniques thatdvallbw the UEs to operate
in these lowSINR regimes to harvest the benefits of mmWaves.

« It was shown that from a rate perspective UEs are more preltabtonnect to sub-6GHz
Mcell in the UL and mmWave Scell in the DL. In addition, recetudies on electromagnetic
field exposure [28] have shown that the maximum UL transmitgroon frequencies above
6GHz will need to be several dB lower than sub-6GHz to be canpWith exposure limits.
These trends could lead to allocating the UL on sub-6GHz Meald the DL on mmWave

Scells as discussed in [19].

VI. CONCLUSIONS

In this paper we proposed a detailed analytical frameworlkcédl association in sub-6GHz-
mmWave heterogeneous networks considering a decoupledkughd downlink association.
The analysis considered a maximum biased received powerelhsasva maximum achievable
rate approach highlighting the main differences betweemthThe results show that there is
a different trend in decoupling between the two approachesrevin the rate based approach
devices tend to connect in the UL to the sub-6GHz Mcells wiscbpposite to the decoupling
trend in previous studies. TI&INR and rate coverages are also derived where we put special
emphasis on Scell biasing in the results showing that qugk Bcell bias values are possible

which has implications on the modulation and coding schamésgure networks. The presented
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work could be extended in numerous ways including the cemnattbn of UL power control,
indoor users and mobility in a mmWave scenario. Considetirggcell load in the rate based
association is an interesting extension as well. In addlittbe inclusion of sub-6GHz small
cells and allowing users to have multiple decoupled conmestin the uplink and downlink to

different base stations is quite interesting and will be fef future work.

APPENDIX A

Derivation of Lemma 1: Starting with the mmWave case, the propagation pragéss- {L,(z) =

|z[|*@} on R* for x € ®, has intensity

Ay((0,8)] = / P(Ly(z) < t)dz = 27, / P(r<") < t)rdr.
R2 0
In the previous equation is distance dependent as it has different values for LOS dr@dSN

links and according to the blockage model in Section II-Cititensity can be expressed as

p p o0
As((0,8)] = 27 w/r]l(r‘” < t)dr+ (1 —w)/r]l(ro‘" < t)dr+/r]l(r°‘" < t)dr
0 0 n

p p o0
= 27 w/r]l(r < t‘%l)dr#— (1 —w)/r]l(r < twln)dr+/r]l(r < tﬁ)dr
0 0 i

€1 1 1

min(p,t ) min(p,ton ) tan

= 2\ |w / rdr 4+ (1 —w) / rdr 4+ / T]l(tﬁ > p)dr
0 0

Solving the integrals yields

Axmxn=wmsQquﬂa>;ﬂw+tinas;f0)+<1—aooﬂut>u%>

+ﬁ1asww)+wi—mm@>u%0.

Finally, rearranging the terms yields the final expressionthe pathloss process intensity in

(5). For the sub-6GHz Mcells case, deriving the pathlossgs® intensity is straight forward as
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blockage is not considered for sub-6GHz. The propagatioegss\,, := {L,.(z) = ||z|*"}
on R* for z € ®,, has intensity
QL
A ((0,1)] = /P(Lm(x) <t)dr = 27r)\m/IP’( G < rdr =21\, / (r< tam Ydr =7, tam.
0 0 0
[ |
APPENDIX B

Derivation of Lemma 3: The derivation of the Max-Rate association probabiliti@sts with the

downlink association probability to a sub-6GHz Mc#l;, ,, which is given by

W
BDL,m =P <SIRDL,m > (]. + SNRDL,S)(W) —_ ]_)

_ W — Ws
= Esmpy, .=9) {FSIRDL,m <(1 + 5)Wm — 1)] = /fSNRDL,S(Z)FSIRDL,m ((1 + 2)Wm — 1) dz,
0

where FstL,m(k) is the DL coverage probabilitPP(SIR > k) and fow,, . (2) is the PDF of
SNRpLs. FOr FstL,m(k) we use the expression derived in [20] for the coverage pibtyaim

the no noise and exponential fading case which is given by

_ 1

F; t) = —— 28

SIRDL,m( ) 1+p(t,ozm)’ ( )
wherep(t, a,,) = fam Ik 1+ fSNRDLS( ) can be derived fronFSNRDLys(z) as follows

tam
_ P, tshye oLy (27) ! I =20l
Fswpy, . (2) = P(SNRpLs > 2) =P ( p >z | = /exp b, fs(DHdl
0
—d Fgp,, . (2)  —=d 7 —2021
fSNRDL’S (Z> B dZDL, B E /eX s,lvbs /fs - l

0
where f(1) is given in (9). In order to simplify the previous expressiwa exchange the order

of the differentiation and integral using Leibnitz Rule [2%he following two conditions need

to be satisfied in order for this rule to be applicable.

. ‘%) < ¢g(z,1), which means that the LHS expression is differentiable.

o [g(z,1)dz < o0, g(z,1) is defined below.
0
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dz | = Pyt
which satisfies the first condition.
7 (z,0d /f 7 P(L, > z)d 0. 7—A 0.2)g
g\z,hdz = s s >x)dr = =—— [ e dy
8¢% 8¢% P8¢%
0 0
uan 00 o) ,
@ /e As(0.2) d:)s+/e “’O’x)dx+/6_AS(O’x)dx:constant+/e_“’ca"dx,
0 nel pen puen

where (a) follows from (5). The first two integrals are bouthde we examine the third integral.

Typically, o, < 10, therefore

[e.e] [e.e]

2
/e—xun de’ S /6—:(:0‘2 _ 56—:(:0‘2(,u0.8an +4M0.6an + 12#0.4(1” _‘_24M0.20¢n +24) < 00

uan “an

which satisfies the second conditions and allows us to Wfitg,, . (z) as follows

—d T —z2021 T d —z2021
fowrpr (2) = — eXP( : )fs(l)dl = - —exp< s ) £(Ddl
dz Ps¢s O/dZ Pﬂﬂs

0

o2 r —2021
" P / o ( P.u. ) el

which concludes this proof anfi . ,,, is derived similarly. [ |

APPENDIX C

Derivation of Theorem 1: The DL SINR coverage for sub-6GHz Mcells is first derived. As shown

in Section IlI-A, the condition for association to a Mcell the DL iS Ly, s > apr Limin,m-

o

PDL’m(T) = ]P(SINRDL’m > T, KDL = m) = /P(SINRDL’m > T, KDL = m|Lmin7m = l) fm(l)dl

0
oo

= /]P)(SINRDL,m > T, Lmin,s > a'DLl|Lmin,m = l) fm(l)dl
P(SINRpL o > 7| Losinmn = 1) P(Ls > apid| Lot = 1) fr(l)dl

]P)(SINRDL’m > T|Lmin,m = Z)FS(GDLl)fm(l)dl,
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where (a) follows from the assumption thét and ®,, are independent. Sincg, and f,, are
known, we now derive the first part of the equation which isegivby

P, b ol ™!
]P)(SINRDLm > T|Lmin,m = l) =P (M > 7_|Lmin,m - l)

I+ 02,
—71l —Tafnl —7l
P\ ) | =P\ B ) i\ B, )

where L, (s) is the Laplace transform of the interference and is given by

TEDy, \x*

EIZ(S) = E[e‘SI] = E‘Iﬂhwp exXp —S Z Pm¢mhm,0Lm<x)1)

=Eon, | [] exp(=sPmtbmhaoLlm(z)™")

€D, \x*

—exp | - 70 (1 — By, [exp (—stzpmhx,Ot—l)]) An(dt) |,
l

where A, (dt) is given by deriving the expression in (6) with respect to t.

[e.e]

2
—27 A tom !
L, (s) =exp il / dt

Ofm 1 1 _'_ Spniwm
Finally,
i —7021 —27 A\ T ol _
Porm(T) Z/exp Dy exp . /1+Ldt F,(appl) fm(1)dl.
m m m Tl
0

l
PuL.m is derived in the same way replaciiy, andap;, by P, anday, respectively.

We then derive the DISNR coverage for mmWave Scells. Similarly, the condition foscas-
ation to a Scell in the DL i, ,, > Zmine,

aprL
PDL’S(T) = P(SINRDL’S > T, KDL = S) = /P(SINRDL’S > T, KDL = S‘Lmin,s = l) fs(l)dl
0

e}

= /IP(SINRDL,S > 7| Lins = ) Fyp, (
0

l

aprL

) fa(bat
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Ps¢shm*,01_1

]P)(SNRDL78 > T|Lmin,s = l) =P 3 T|Lmin,s =1
o5
—7102] —702]
=P hm* > 2 Lmin s — )= 2
70 Psws | 9 exp Psws

Finally,

i —702l\ - [
Po(r) = [[ew | 52 | £ (—) f(D)dl.
’ PS S
) P aprL

PuLs(7) is derived similarly by exchanging, and ap;, by P, and ayr, respectively in the

previous derivation. [ |

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

REFERENCES

J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Sgpand J. Zhang, “What will 5G be?EEE J. Sdl. Areas
Commun., vol. 32, no. 6, pp. 1065-1082, Jun. 2014.

F. Boccardi, R. Heath, A. Lozano, T. Marzetta, and P. Rsgd “Five disruptive technology directions for 5GEEE
Commun. Mag., vol. 52, no. 2, pp. 74-80, Feb. 2014.

T. Rappaportet al., “Millimeter wave mobile communications for 5G cellulart will work!” [EEE Access, vol. 1, pp.
335-349, May 2013.

Z. Pi and F. Khan, “An introduction to millimeter-wave ioite broadband systems,EEE Commun. Mag., vol. 49, no. 6,
pp. 101-107, Jun. 2011.

W. Roh et al., “Millimeter-wave beamforming as an enabling technology §G cellular communications: theoretical
feasibility and prototype resultslEEE Commun. Mag., vol. 52, no. 2, pp. 106-113, Feb. 2014.

T. Rappaport, F. Gutierrez, E. Ben-Dor, J. Murdock, YaQiand J. Tamir, “Broadband millimeter-wave propagation
measurements and models using adaptive-beam antennagdooourban cellular communication$EEE Trans. Antennas
Propag., vol. 61, no. 4, pp. 1850-1859, Apr. 2013.

S. Rangan, T. Rappaport, and E. Erkip, “Millimeter-waedlular wireless networks: Potentials and challengesjteedings

of the IEEE, vol. 102, no. 3, pp. 366385, Mar. 2014.

M. Akdeniz, Y. Liu, M. Samimi, S. Sun, S. Rangan, T. Rappdpand E. Erkip, “Millimeter wave channel modeling and
cellular capacity evaluationJEEE J. Sal. Areas Commun., vol. 32, no. 6, pp. 1164-1179, Jun. 2014.

S. Larew, T. Thomas, and A. Ghosh, “Air interface desigwl aay tracing study for 5G millimeter wave communicatidns,
IEEE Globecom B4G Workshop, pp. 117-122, Dec. 2013.

A. Ghoshet al., “Millimeter-wave enhanced local area systems: A highadate approach for future wireless networks,”
IEEE J. S, Areas Commun., vol. 32, no. 6, pp. 1152-1163, Jun. 2014.

T. Bai and R. Heath, “Coverage and rate analysis foriméter-wave cellular networksIEEE Trans. Wireless Commun.,
vol. 14, no. 2, pp. 1100-1114, Feb. 2015.

S. Singh, M. Kulkarni, A. Ghosh, and J. Andrews, “Trdd&amodel for rate in self-backhauled millimeter wave deltu
networks,”|[EEE J. Sel. Areas Commun., vol. 33, no. 10, pp. 21962211, Oct. 2015.



30

[13] M. Di Renzo, “Stochastic geometry modeling and analysfi multi-tier millimeter wave cellular networks/EEE Trans.
Wireless Commun., vol. 14, no. 9, pp. 5038-5057, Sep. 2015.

[14] H. Elshaer, F. Boccardi, M. Dohler, and R. Irmer, “Dowmkl and uplink decoupling: A disruptive architectural dgsifor
5G networks,” inlEEE Global Communications Conference (GLOBECOM), Dec. 2014.

[15] J. Andrews, “Seven ways that HetNets are a cellulargigma shift,” IEEE Commun. Mag., vol. 51, no. 3, pp. 136-144,
Mar. 2013.

[16] D. Astely, E. Dahlman, G. Fodor, S. Parkvall, and J. Sa¢hTE release 12 and beyond EEE Commun. Mag., vol. 51,
no. 7, pp. 154-160, Jul. 2013.

[17] K. Smiljkovikj, P. Popovski, and L. Gavrilovska, “Angdis of the decoupled access for downlink and uplink in veisel
heterogeneous networkd EEE Commun. Lett., vol. 4, no. 2, pp. 173-176, Apr. 2015.

[18] H. Boostanimehr and V. Bhargava, “Joint downlink andinlpaware cell association in hetnets with QoS provisigiiin
IEEE Trans. Wireless Commun., vol. 14, no. 10, pp. 5388-5401, Oct 2015.

[19] F. Boccardi, J. Andrews, H. Elshaer, M. Dohler, S. PatkvP. Popovski, and S. Singh, “Why to decouple the
uplink and downlink in cellular networks and how to do {EEE Commun. Mag., 2015. To appear, available at:
http://arxiv.org/abs/1503.06746.

[20] J. Andrews, F. Baccelli, and R. Ganti, “A tractable aggmh to coverage and rate in cellular networdEEE Trans.
Commun., vol. 59, no. 11, pp. 3122-3134, Nov. 2011.

[21] J. Park, S.-L. Kim, and J. Zander, “Tractable resouremagement with uplink decoupled millimeter-wave overtaylira-
dense cellular networks/EEE Trans. Wireless Commun., 2015. Submitted, available at: http://arxiv.org/ab8/1.58979.

[22] B. Blaszczyszyn, M. K. Karray, and H.-P. Keeler, “UsiRgisson processes to model lattice cellular networiksProc.
IEEE INFOCOM, pp. 773-781, Apr. 2013.

[23] S. Singh and J. Andrews, “Joint resource partitionimgl affloading in heterogeneous cellular networkd&EE Trans.
Wireless Commun., vol. 13, no. 2, pp. 888-901, Feb. 2014.

[24] T. Novlan, H. Dhillon, and J. Andrews, “Analytical mddeg of uplink cellular networks,1EEE Trans. Wreless Commun.,
vol. 12, no. 6, pp. 2669-2679, Jun. 2013.

[25] S. Singh, X. Zhang, and J. Andrews, “Joint rate and SINRecage analysis for decoupled uplink-downlink biased cel
associations in HetNets|EEE Trans. Wireless Commun., vol. 14, no. 10, pp. 5360-5373, May 2015.

[26] Q. Ye, B. Rong, Y. Chen, M. Al-Shalash, C. Caramanis, andAndrews, “User association for load balancing in
heterogeneous cellular network$EEE Trans. Wireless Commun., vol. 12, no. 6, pp. 2706-2716, Jun. 2013.

[27] Y. Wang and K. Pedersen, “Performance analysis of ecgthrinter-cell interference coordination in LTE-Advanced
heterogeneous networkd EEE 75th \Vehicular Technology Conference (VTC Spring), pp. 1-5, May 2012.

[28] D. Colombi, B. Thors, and C. Tornevik, “Implications &MF exposure limits on output power levels for 5G devices
above 6 GHz,"IEEE Antennas Wireless Propag. Lett., vol. 14, pp. 1247-1249, Feb. 2015.

[29] K. Imai, Lectures on Expectation and Functions of Random Variables. Department of Politics, Princeton University, Mar.
2006.



	I Introduction
	I-A Related Work
	I-B Contributions and Organization

	II System model
	II-A Spatial distributions
	II-B Propagation assumptions
	II-C Blockage model
	II-D Biased uplink and downlink cell association

	III Cell association
	III-A Maximum biased received power association
	III-B Max-Rate association

	IV SINR and rate distributions: Downlink and Uplink
	IV-A SINR coverage
	IV-B Rate coverage

	V Performance evaluation and trends
	V-A Association probability
	V-B SINR and rate coverage results
	V-C System design implications

	VI Conclusions
	Appendix A
	Appendix B
	Appendix C
	References

