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Abstract—With the abundance of sites and the heterogeneity counter the larger free space attenuation. Due to their smaller
in the network, optimal user-cell association which is a well antenna form factors at mmWave frequency, massive MIMO
known open problem will become a more challenging issue. gntenna arrays are a viable deployment option in UDHN

Contrary to the current studies that address this problem for - . . .
convectional HetNets with massive MIMO deployments in HF consisting of dense femto base stations (FBSs) tier underlaid

(high frequencies) ranges, in this paper we investigate user-cell OVer the relatively sparsely deployed macro base stations
association problem for dense two-tier networks with massive (MBSS).

MIMO deployment both at macro and femto-tier operating in User-cell association in UDHNSs is a well-known problem,
HF and mmWave spectrum respectively. The association problem primarily due to the intertwined objective functions, such as

modeled as a convex network utility maximization is a function of babilit timizationt t imizati
the downlink user throughput and is solvable through load aware coverage probability optimizatior], sum rate maximization

user association schemes such as the centralized subgradientd], joint user association and power contré| fand energy
and distributed user-centric game-theoretic based algorithms. We efficiency [7]. The standard Reference Signal Received Power
show via extensive simulation results that both the centralized (RSRP) based user-cell association offers a highly imbalanced
and user-centric approaches almost equally outperform the jnier tier load distribution in a massive MIMO UDHN due to
traditional association schemes, namely smallest pathloss and S . .

maximum data rate, in terms of downlink user throughput the large f?lrray galniln the MBS tieB][ This consequer?tly.
and load ba|ancing_ Our results exhibit average throughput demands |ncorp0rat|0n Of the |Oad on rate Character|zat|0n
gains between 20 and 40% for the majority of users if massive for both inter and intra-tier offloading problerd][ With the
MIMO ultra-dense HetNet (UDHN) deployments are operated advent of mmWave massive MIMO UDHNSs, the user-cell
in the mmWave spectrum as compared to existing HF bands ,s5qciation is further complexified due to: 1) high sensitivity of

under the optimal user-cell association schemes. Contrary to the th W, to static block h as buildi i d
existing load aware association schemes that preclude the effect e mmWave to static blockages such as buildings, 2) increase

of bandwidth disparity in HF and mmWave bands, we show Pathloss following the Friss free-space propagation mad#! [
that the optimal user-cell association algorithms when employed and 3) significant disparity in pathloss exponents for LOS and
with distincF bandwidths for each band yield higher average NLOS scenarios11].
thr%%%zpﬁelpm;t\/l\\gg;(;Fl\_/lTl\Dlngva%eml\J/\Z\CeN'network HetNet Recently several advanced user-cell association schemes
user-association schemes, load ’balancing, proportio}wal fairnéss have been proposed massive MIMO deployment in ,HF Spec-
trum [12][13]. Given the contrasting beamforming designs and
channel blockage effects, how well these association schemes
work in a massive MIMO mmWave deployment at FBSs in
Massive MIMO (multiple-input and multiple-output) andterms of the throughput gain remains terra incognita. To the
mmWave spectrum utilization have been identified as kdest of our knowledge, this paper is first attempt to investigate
enabling solutions to achieve orders of magnitude more ddeioughput performance of the optimal massive MIMO user-
traffic as envisioned for 5G. Massive MIMO is a multi-usecell association algorithms in HF namely centralized subgra-
MIMO technology where each base station (BS) is equippe&ient (henceforth referred as CS)2] and distributed user-
with an array of hundreds of active antenna elements tentric [L2] (henceforth referred as DUC) algorithms against
communicate with single-antenna user terminals that are fhe more standard smallest pathloss (henceforth referred as
less in number as compared to the antenna elements at the 83.) and max rate (henceforth referred as MR) schemes for
On the other hand, given the shortage of available spectrumaammWave massive MIMO UDHN. The contributions and
traditional cellular frequencies, mmWave spectrum (30 GHinding of this work are summarized below:
-300 GHz) can be utilized to increase the available spectruln Contributions and Organization
by 200 times as compared to presently allocated HF (sub 6 User-cell association in massive MIMO deployments
GHz spectrum) 1] [2]. Furthermore, the smaller wavelengths  in mmWave based HetNets requires understanding and
at mmWave frequencies enable large antenna arrays and spatial incorporating the mmWave specific idiosyncracies of the
beamforming techniques3] which provide array gains to channel characteristics as well as practical beamforming
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strategies for each tier in dense urban environments.We assume massive MIMO deployment both at MBSs and
Keeping these factors in consideration, we adapt a sysBSs with A; as the number of antennas afg as the data
tem model 2] that enables a comparative analysis oflownlink stream capacity per time slot at any MBS / FBS
the recently proposed CS and DUC schemes with the Using time division multiplexing (TDD), the BSs learn
traditional approaches from the non-Massive MIMO erabout the channel coefficients via the pilots transmitted by the

« Contrary to the user-cell association approach id] [ associated users in the uplink. This allows each BS to serve
which is based on the optimization of bandwidth nora set of up toS; associated UEs using linear zero-forcing
malized user throughput, we incorporate the effect &feamforming (LZFBF) and analog beamforming in MBS and
increased bandwidth available at mmWave spectrum WBS tiers respectively. The beamforming gain is particularly
the utility function that enables higher data rates arichportant for the mmWave channel to offset the free space
consequently higher probability for user off-loading fronpathloss due to higher frequency and blockage effect.
MBS to FBS tier. For transmission, we consider OFDMA based scheme

« We perform a detailed comparative analysis of the fowvhere each user schedules transmissions over contiguous time-
user-cell association schemes for the mmWave massivequency slots, also referred to as resource blocks (RE) [
MIMO system and show that CS and DU outperformye use the block-fading channel model that captures the effect
the traditional algorithms only when higher bandwidth asf both large-scale and small-scale fadipg,; which denotes
mmWave spectrum is taken into account. the pathloss and shadowing between an arbitrary;Bshd

« We also evaluate the throughput performance comparisgserk is considered constant across all RBs. Because the HF
against the existing massive MIMO HetNet modie2][to  and mmWave spectrum exhibit varying channel characteristics,
reveal that operating the FBSs at higher frequency spage have distinct small-scale fading models for MBS-user and
trum (mmWave) enables throughput gains due to highEBS-user channels. For the MBS-user link, the small-scale
spectrum availability and stronger pathloss degradation giannel coefficients which are same within every OFDM RB,
the interfering signals. but not necessarily same across RBs, are modeled as Rayleigh

The rest of the paper organization is as follows: in Sectidading coefficients. In the case of FBS-user association, the
Il, we describe the radio propagation model and the uséfmall-scale channel is modeled by independent Nakagami
cell association mechanism in the mmWave massive Mimtading for each channel with different coefficienté, and
deployment. Sections Il focusses on the CS and the DU¥~ for LOS and NLOS links. Ifhy ; represents the small-
approaches for the optimization problem. In Section IV, wecale fading between a uskrand a FBSj, then |hy, ;|* is
analyze and compare the performance of these algorithms #opormalized Gamma random variable. However, due to the
the massive MIMO deployment in HF and mmWave spe&ffect of channel hardening in massive MIMO systerhig],[
trum. The paper closes with conclusions and future reseaMf ignore the effect of small scale channel coefficients in our

directions in Section V. model, i.e., we considehy, ;| =1, VkeK,j €.
We assume the load of an arbitrary BSn a given time
Il. SYSTEM MODEL slot as the number of users associated with it which can be

denoted by K|. The instantaneous downlink rate for a user

) ] i k served by BSj , using the notations in Table 1, is given by
We consider a two-tier system with MBSs and FBSgee 18] for system details)

distributed across a 2-dimensional plane and operating in the
HF and mmWave spectrum respectively. We yse J =
{MBS,, MBS,,.., MBSy }U{FBS,,FBSs, .., FBSr}

andk € K = {1,2,.., K} to index the BSs (combination of
M MBSs andF FBSs) and users respectively. The users aréere the SINR with LZFBF at a usér associated with a
assumed to be distributed across the MBS tier foot-prints acro BS; is adapted from19] and given for a perfect CSI
a non-homogenous manner with higher concentration with#j by

specified hotzones. The FBS distribution is modeled using an (X _1)g2 p,
independent Poisson Point Process. This work assumes tRalNR ; = . 2
all users in the network are served with proportional fairness

(PF) and each user is served by only one BS at a time. TRE the number of antennas in mmWave massive MIMO in-

notations used in this paper are presented in Table I. crease, the implementation of digital beamforming techniques
Due to sensitivity of wireless channel, particularly afie LZFBF becomes infeasible because of higher power con-

mmWaves, to physical blockages, we estimate the LOS prafimption and associated cos9|[ Therefore, using analog

ability of an arbitrary user as a function of its distance witBeamforming, the SINR value at a uskerassociated with a
its associated FBS. Using the 3GPP modél land LOS ball FBs j is given by p1][18§]

model [L5] for the HF and mmWave channels in an urban
environment respectively, we estima®os(d) for each user
and assign pathloss exponentsps andayos accordingly.

A. Radio Environment and Parameters
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TABLE |

NOTATION SUMMARY rates @_e to array ga_inQJ,].. This moFivates the use o_f MR
association scheme, in which an arbitrary uses associated
N?a%on ST ESS WS DESBCS”P)UO”d S with BS j based on the achievable downlink rate given by the
s set o S S, S) and single ante . . .
S Aumber of data streams fransmitied by B8n a givensiot p'roduct of ba}ndW|dth aIIoca.ted toand the |ns'tantaneous rate
™ throughput of usek given by (1), i.e B; * Ry, ;. It is further shown in 12] that CS
Ry, instantaneous rate of uskrserving by BS; and DUC based user-association schemes outperforms MR in
S/}JA ”“mst;‘gﬁgfl ;”(‘)rgsr‘;a;gt Bp terms of 5 percentile throughput while MR still achieves higher
T pathioss and shadowing between B&nd Userk average throughpt_it w_|th the associated caveat of imbalanced
Q number of symbols per siot for uplinlots inter-tier load distributions. Whether MR still outperform CS
T number of downlink OFDM symbols per timstot and DUC for mmWave UDHN remains an open question.
Lif : transmit power of By : As mmWave network exhibits noise-limited behaviour, some
d distance between an arbitrary user its associBted . . .
B total bandwidth have proposed the SPL model (uéeus_assouated with B$ _
N, noise pover based on smallest pathloss; expressions for each scenario are
Np noisefigure given in table Il) for user-cell associatio2d]. For the sake
ky Boltzmann'sconstant f let il th £ f the CS
T femperatire In degreessin of completeness, we will compare the performance of the
K] number of users served by BS (Sections Il, 111) and DUC (Section IIl) algorithms with these
mi, number of migrations observed by ugein i-th iteration baseline association schemes (Section V).
p switching probability We assume PF in the problem formulation in order to

allocate more RBs to users with stronger downlink channels.
In this regard, we assume the utility function &%r) =

where >k logry, . The load aware throughput maximization problem
%, with probabilityﬁ [12] that manifests a logarithmic utility function has been
G, = . 13 . with probability (1 _ \/%) . (4) adjusted to cater for inter-tier bandwidth disparity as:
o (2 X[/Sz) max U(r) (6a)

In (1), Q is defined as number of symbols per slot for
uplink pilots and7" is the total number of OFDM symbol st

within each time slotZ+ is the ratio of useful symbol duration k< Z Bjak By j,  VkeK (6b)
to the total symbol duration and considered unity without T
any loss of generality. In (2) and (3), > 1, which is the Zak,]— <S;, Vjel (6c)
normalizing factor that guarantees that no BS infringes power kek
constraints 18]. (4) expresses the relative power radiated by <

. . ) N <1, VkekK 6d
the interfering BS! in the direction of the usek served by %a’w - < (6d)
BS j [2]]. Finally, the user throughput is expressed as !

r, >0, ap; >0. VkekK,jel. 6e
r =Y Bjag;Ri; V k€K, ®) g " / (6e)
j€I The constraint&c) in the maximization framework limits the

whereay, ; = S;/|K;| € [0,1] represents the activity fractionzjOtal ?CEVC';'?S Otf th?n;seég a_tltatl:hed totﬁ\'%cl be V‘:'t{"n :Eet
of RBs allocated to uset by the serving BSj. The system | ownlink data streams;. simiarly, constrain &d) states a
noise power is given bWy — Npky,Ti B. in case of mulUpIQ_B_S associations to a smg_le user, the limit
) ] ~ . of the sum of activities of the all the BSs which serve a user
B. Problem Formulation for Optimal User Cell Association ;. ~annot exceed unity. Note thabd) makes the problem
In t.he conventional cellular wireless networks, assoaath@) different from the classical unique association problem
decisions are performed based on RSRP (or RSRQ) levglimylation, in which each user can only be served by one
where each user is connected to the BS which offers begf ot max. However, the solution of (6) gives a feasible upper
received power without considering the load of BSs. Howevefo,ng benchmark to any user-cell association which enforces
this approach is not optimal, particularly if we considefnigue associatiorLp]. Finally, constraint §e) ensures that no
heterogeneity in the future wireless networks. A drawbagiser is suffering from zero throughput, i.e. all admitted users
of this scheme is that even though FBSs are usually locatggl,e positive downlink data rates. The defined user association

in areas with higher user densities (hot-zones), users tenqyigpjem (6) is known to be convex with the solution providing
connect to MBSs with max RSRP association because of tth optimally feasible association configuration [12].

higher transmit power as compared to FBSs. This calls for an

offloading or load balancing mechanism which forces the userd!l. L OAD AWARE USER-CELL ASSOCIATION SCHEMES

to associate with lightly loaded FBSs for efficient utilizatiorA. Langrangian Dual analysis and Centralized Subgradient
of the available RBs. algorithm based solution

In massive MIMO systems, the large antenna arrays sig-For the solution of (6), the Langrangian duality function is
nificantly improve the SINR and subsequently instantaneosisnilar to equation 10 in]2] and can be expressed as



L(c,ryw, pyv) =U(r) = > wi(rx — > Bjak ;R ) B. A Game Theoretical Distributed Approach for User-Cell
- .

J Association o
_ ZMZ anj — 8;) — Z VJ(Z ar; —1), (7) While CS approach maximizes sum-throughput to solve the

optimization problem in (6), another approach which provides
near optimal performance relies on load aware distributed deci-
wherer > 0 anda > 0 are the primal variables and, 11, sijon making for user-cell associatioh2][23]. In this work, we
are the Lagrange multipliers. The dual functiéhin (8) is  formulate this distributed user-cell (DUC) association decision
the maximum of Lagrangian function over andr and can process in a new context, i.e mmWave massive MIMO. The
be minimized over the feasible set of dual variables to giYfodified DUC algorithm performs the association based on

the optimal global solution of the convex probles).( the max-throughput, i.e. each user aims to associate with a
Glw, 1) = max L(ct, 7y w, 1, 1) ®) BS which maximi_zes_ its_ throughput in a se_lfish manner. In
e roa YT contrast to CS, this distributed non-cooperative game theoret-
ical approach provides a low complexity implementation yet
min G(w, p,v), st. w,p,v > 0. (9)  near optimal solution to (6)1P].

. ) , Consider a pertinent scenario where each BS is assumed to
The optimal solution of the convex 1prob|em iB) (that  pe associated with at least users (indicating fully loaded
maximizes the throughput, is given by BSs) in the network. In the DUC approach, a user tends to
. o _ MGt Uk change its unique association configuration until there is no
min_ i+ vi Zlog(mjm{ Bj Ry ; b, (19 BS which yields better throughput. At this saturation point, all
the users in the network reach an equilibrium point referred as
where u,v > 0. The modified dual problem in1Q) is a "Nash equilibrium" (NE). When the scheduler operates in PF
convex function of dual variablesu(v) since the second mode, every user uniguely reaches the NE if the distributed
partial derivatives with dual variabje andy exists with a non- algorithm is performed selfishly2B]. The condition for the
negative valueZ1]. Based on above analysis, the CS solutiodiscussed NE using PF can be given by

for the dual problem inX0) is given as Algorithm 1. B:S:R.. B X
P Oisg d fﬁ;{R’” > ul(sllR"'il, VkeK,Vjlel l+#j (11)
j l

Algorithm 1 Centralized subgradiertigorithm The DUC user-association algorithm is derived fra28][and
1. Establish some positive initial values for dual Va”ablﬁresented as Algorithm 2.

vectorsp andv and fix a sufficient number of iterations, ., i :
and step size¢’ = % wherea > 0,b > 0. Algorithm 2 User-centric Distributeclgorithm

2: Initialize the assomanon of all users with a serving MB$: Initialize the iteration count and the number of migrations
| FBS. Eachk € K decides its serving B§ € J on current observed by all users ds= 0 andm = 0 respectively. Fix a
dual variablegs’ andw’ according tojj = argmax; % sufficient number of iterations,,.,, and a realistic switching
3: Calculate the number of users attached to thejB& the probability p.

i-th iteration and let it bek®. 2: Every userk € K updates its BS-association during each
4: Update the dual varlablqsl“ and Vz+1 according to the iteration and switches from its current serving BSto a

current values of dual variables for the i-th iteratior} @nd %E‘?gg?t BSBZ gvgsn the following(ﬁqic{i}ions are met:

vi) by taking the partial derivative ofiQ) with respect tou! ~ JR[F1 ~ K[ and rand< p*""x

and i respectlvely according to: 3: During each’ iteration, increment the migration count;,

M;ﬂ - max(( + tl(zkeu« (MJ + Vk) — 5;)),0) and fqr eachk whgneverk m|grat.e's from its current BG tq g
different BS! (i.e. when conditions from Step 2 are satisfied).

4: Go to step 2 and continue white< 7,4

vt = max((v) + (4 + v) ! — 1)),0).
5: Go to step 2 and continue white< 7,,4;-

It is seen from Algorithm 2 that the increment in the migra-
Algorithm 1 presents a globally optimal solution for thdion countm,;, prevents frequent concurrent BS migrations of
convex dual problem1Q) where during each iteration, thea user with an exponential decrease in migration probability
dual variables (Step 4) provide association based on the méStep 2).
imum throughput for each user (Step 2). However, the results IV. EXPERIMENTAL EVALUATION
observed may not be optimally feasible but nearby feasible forin this section, we evaluate the performance of the four user-
the primal problem (6) because of the distinct characteristic ol association algorithms for massive MIMO deployment in
the primal problem and limited number of iterations. The dual two-tier network under two different set ups: 1) HF-HF
variables obtained by subgradient algorithm are neverthelgbeth tiers operating in HF band) ; 2) HF-mmWave (MBSs
known to provide a near optimal solution for the primabperating in HF while FBSs in mmWave bands. As we will see
problem B]. in our results, due to the distinct channel properties of HF and
mmWave spectrum, for same user-cell association schemes, we

1in the interest of space, the detailed derivation is not provided and can @Bta”'] Contrast|ng ga|ns under different dep'oyment scenarios
obtained from the work in12]. under consideration



TABLE Il

A. Network Model . o SIMULATION PARAMETERS

We consider a downlink UDHN consisting of two MBSs Parameter Value
having 100 antennas each with 46 dBm transmit power and  Bandwidth,Carrier 800MHz
randomly deployed 34 FBSs having 40 antennas each witfrequency of mmwavéBS 38GHz
35 dBm transmit power in a rectangular region of dimensiops , Sandwidth, Carrier 20MHz

p g . g frequency of HFMBS 2 GHz

900m x 1800m. The MBSs are placed in the center of tWOSimulation arealimensions 900 m x 180mM
square areas identifying hot-zones (higher user concentratipn) Mean number ofisers 3000
for the non-uniform user distribution in the simulation area Q.7 3.7

) Ng, Tk, kp 7 dB, 290° Kelvin, 1.38x10—23 J/ Kelvin
- - Tatd
Each hot-zone contains about 1/3rd of the total user-count Two-slope LOSpath 2l0g(d) + 34.02 + X,, d < 320m

with the spatial distribution varying in each simulation run tp Ioss model of HRMBS | 40l0g(d) — 11.02 + X,,320 < d < 5000m

provide more accurate results. The FBS deployment is unifo mNLOS - - - 2: 410'5 -
throughout the simulation area as shown in the netwark v 39-Liog(d) + 19.56 + Xo
snapshot in Fig. 1. The MBSs, FBSs and users are represeftetTwo-siope LOSpath 22l0g(d) + 34.02 + X, d < 120m
by o, o and + respectively. loss model of HFFBS 40log(d) — 3.36 + X»,120 < d < 5000m
oc=3dB
NLOS pathloss modebf 36.7log(d) 4+ 30.53 + X
500 HF FBS oc=4dB
D Pathloss modebf 20log(4m/A) + 100, 0.8(or NLOS)+ X
mmWaveFBS LOS:0c = 4.6 dB, a,0s = 1.9

NLOS: o =12.3dB, anros = 3.3
Pros(d) for mmWaveFBS | min(18/d, 1)(1 — e(=36) 4 (= 35))

ol £ Pros(d) for HF MBS min(18/d, 1)(1 — e(~55) 4 e(~55))
et Transmit power oMBS 46 dBm
i and FBS respectaly 35dBm
: A; for MBS, FBS 100,40
@ }“i}, 8] iy S; for MBS, FBS 10,4
b0k - AN ) £ ke userheight 1.5m
-500 . ' ' ! BS height FBS: 10 m, MBS25m
-1000 -500 0 500 1000 » 01
FBS radius 40m

Fig. 1. Network Layout.

We assume an intra-cell interference free network by allgf the maximization function, CS and DUC perform worse
cating a set of 10 orthogonal pilots to be shared amongst #4@n the SPL. This is due to significant SINR reduction
MBSs whereas the FBSs share a different set of 4 OrthOQOQBbcially for NLOS users that is compensated with higher
pilots for channel estimation. A detailed list of simulationyyajlable spectrum at mmwave. Hence, the modification in the
parameters is presented in Table II. optimization function in (6) is justified for our HF-mmWave

B. Throughput performance of user-cell association algéPassive MIMO UDHN system model.

rithms in mmWave massive MIMO v
5 percentile throughput for mmwave mMIMO

The throughput performance of the user-cell association al- 1 ‘ :
gorithms under consideration for the mmWave massive MIMO f

!

/./

UDHN is given in fig. 2. The 5 percentile throughput result in %8}
fig. 2a shows that the modified CS and DUC algorithms out-
perform the baseline association schemes. MR demonstrate, *°
the worst performance in terms of user throughput while figs.o
2a, 2b and 2c reveal the indistinguishable performance ol
the CS and DUC algorithms. In fig. 2d, we compare the
performance of the DUC and SPL by taking the ratio of their
respective throughput statistics and plotting the CDF of the . ,
results obtained in each iteration. Gains are observed for eac  © 1 2 3 4 5 6

of the data rate statistics presented in figs. 2a, 2b and 2c. Fo User throughput(ope) <10

instance, it is seen that for about 60% of the iterations, a gairr‘:ig. 3. Throughput with spectral efficiency based user-cell association

of 20% is achieved in the 5 percentile data throughput.

To demonstrate why incorporating the bandwidth during. Throughput gain with mmWave deployment at FBS tier
user-cell association is indispensable for the HF-mmWaveAn interesting insight from our simulation results would
system considered, consider fig. 3 which depicts the 5 pbe to analyze if operating FBS tier at the mmWave where
centile throughput when spectral efficiency is optimized in thibere is a relative abundance of spectrum provides any notable
utility function maximization as done inLp). It is clear from throughput gains. While the throughput gradient (not presented
figs. 2a and 3 that with the effect of bandwidth taken oum results due to limited space) showed that SPL had the

0.4
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Fig. 2. Performance comparison of user-cell association algorithms for mmWave massive MIMO using PF

largest throughput percentage increase (approx. 50%) whHéBS and FBS tier association. In terms of offloading the
the operating frequency is shifted from HF to mmWave, it iIs1BSs, the DUC scheme clearly outperforms MR and SPL.
clear from fig. 4 that even the optimal CS and DUC yield 30%IR association scheme exhibits the worst performance with
increase for almost half of the realizations. This consolidateéghest net loads on the MBS tier. The results in fig. 5b reveal
the practical viability of HF-mmWave co-existence in UDHNhat DUC offers higher and more balanced user association

massive MIMO systems. with the FBS tier which eventually results in higher system
throughput (see fig.2). While MR and SPL are blind towards
5 percentile throughput , cell loads during user-cell association, the load aware CS and

o ' DUC provide dual benefits of higher user throughput as well
as decongestion of MBS tier by using the per user throughput
as the association criteria.

0.8

06y V. CONCLUSION

(Lé; :' i _‘.o":. f HF - mmWave . . .

o4l / i In this paper, we present a comparative analysis of four
" different user-cell association algorithms for an ultra-dense

ozl —cs i multi-tier HetNet with massive MIMO deployment in both

' MR ..
v ,J buc HF and mmWave spectrum. The four user-cell association
0 - el ‘ i algorithms analyzed in this paper include two optimal schemes
0 ! User throughput (ops) 6 7 namely: 1) centralized sub-gradient (CS) throughput max-

x10 imization based association and 2) distributed user-centric

Fig. 4. Comparison of HF-HF versus HF-mmWave network game theoretic (DUC) based association. Though the basic
idea of both CS and DUC is inspired from earlier wot]
[23], we have adapted the optimization problem with a modi-
D. Load Distribution of the user-cell association schemes fied utility function to incorporate idiosyncrasies of a mmWave
Fig.5 presents the load association of users with the MBBased network. The benchmark approaches used for analysis
and FBSs under three user-cell association schemes. Note theltide: 1) smallest pathloss (SPL) model and 2) max rate
since CS and DUC give near identical throughput and uséMR). We investigated different key performance indicators
cell association patterns, we can only use one of these focluding 5 percentile throughput, average throughput and
analysis. Fig. 5 plots the number of users associated wittier-tier load distribution. Results indicate that both CS and
each BS in descending order while clearly demarcating tB®JC association algorithms outperform the baseline schemes



Comparison of Algorithms in terms of load on Macro BSs
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Fig. 5. Load Distribution for the user-cell association algorithms at Hl-'[—15]
mmWave.

[16]
by virtue of higher throughput and efficient MBS off-loading.
While the DUC association almost matches the performance;of
the CS approach, the simplicity in its implementation without
requiring centralized optimization renders it as a suitable
candidate for user-cell association in future mmWave massiye;
MIMO networks.

[19]
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