arXiv:1611.00491v1 [cs.IT] 2 Nov 2016

A High Throughput Pilot Allocation for M2M
Communication in Crowded Massive MIMO
Systems
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Abstract—A new scheme to resolve the intra-cell pilot collision Another interesting protocol, called as strongest-ustiszm
for M2M communication in crowded massive multiple-input resolution (SUCR) protocol, selects the UE with the stramnge
multiple-output (MIMO) systems is proposed. The proposed cpannel gain as the contention winner in a distributed form
scheme permits those failed user equipments (UEs), judgedyb - . . -
a strongest-user collision resolution (SUCR) protocol, t@ontend (7. Th_'s protocol can improve the probability of CO”'S'_On
for the idle pilots, i.e., the pilots that are not selected byany resolution under low delay. However, as the authors pointed
UE in the initial step. This scheme is called as SUCR combined out, the SUCR protocol always regards the strongest one as
idle pilots access (SUCR-IPA). To analyze the performancefthe  the winner, which is unfair for the weaker UEs. Our further
SUCR-IPA scheme, we develop a simple method to compute the esearch show that the collision resolution probabilitytiu
access success probability of the UEs in each random accekst s SUCR protocol is decreasing with the increase of the number
(RAST). The simulation results coincide well with the analgis. : ™ . .
It is also shown that, compared to the SUCR protocol, the Of contending UEs. Specifically, the more failed UEs in catre
proposed SUCR-IPA scheme increases the throughput of the random access slot (RAST), the more contenders in their
system significantly, and thus decreases the number of acees related RASTs during which the failed UEs will reattemptithe
attempts dramatically. accesses. As a result, with the increase of the failed UEs in
current RAST, the number of failed UEs in its related RASTs
Index Terms—Massive MIMO systems, pilot collision, M2M  will increase.
communication, pilot allocation. To conguer this issue, we propose a new scheme which can
further improve the throughput, namely the number of UEs
who are successfully allocated pilots. The proposed scheme
permits those failed UEs, judged by the SUCR protocol, to
HE massive multiple-input multiple-output (MIMO) contend for the idle pilots. Hence, the throughput increase
technology can theoretically achieve extraordinary inthe fairness between UEs can be ensured to a certain extent.
provements in spectral efficiency by using a large numb#fe call this scheme as SUCR combined idle pilots access
of antennas at a base station (BS) [1]. With the assumpti(®UCR-IPA). Employing the system model of random access
that the number of antennas at the BS is infinite and the fagobcedure proposed iri][8], we establish a simple method
that the number of user equipments (UEs) is much smalker compute the access success probability of UEs in each
than the number of antennas at the BS, the massive MIMRAST, or the failed probability. Based on this method, we
channel can be viewed as an orthogonal channel offerihgther analyze the performance of the proposed SUCR-IPA
asymptotic favorable propagation, and thus small-scalsmfp scheme, including the throughput during a certain RAST, the
and thermal noise can be ignored [2]. With these excellemtcess success probability during the observed RASTs &nd th
properties, massive MIMO is regarded as a key technologymulative density function (CDF) of the number of access
for time-division duplex (TDD) communication system, wher attempts. Simulation results show that, compared to theFSUC
downlink channel state information (CSI) can be acquirggtotocol, the throughput of the SUCR-IPA scheme increases
from the uplink channel estimation through exploiting cheln significantly and the average number of access attempts de-
reciprocity [3]. creases dramatically. Finally, simulation results arevioled
In the conventional massive MIMO systems, since the verify the validity of the analysis results.
number of UEs in a cell is small, each UE can be allocated aThe remainder of this paper is organized as follows. System
specialized pilot, and hence no intra-cell pilot collisimecurs. model and the principle of SUCR-IPA scheme are described in
However, such dedicated pilot allocation becomes inféagib Section Il. Section Il elaborates the performance anslg$i
the fifth-generation (5G), which might contain massive nunthe SUCR-IPA scheme. Simulation results and the conclusion
ber of machine-to-machine (M2M) UEE][4]. Therefore, piloare presented in Section IV and V, respectively.
random access becomes a nature choice for pilot allocation i
5G [5]. Under this pilot random access mechanism, the intra-
cell pilot collision becomes unavoidable. To solve thisuess
J. H. Sgrensen viewed the collided pilots as a graph code dhgSystem model
thus employed belief propagation algorithm to alleviatetpi We consider a single BS equipped witli antennas at the
collision at the cost of excessive access success delays {@nter of a hexagonal network in TDD MIMO communication

|I. INTRODUCTION

Il. SYSTEM MODEL AND THE PROPOSEDSUCR-IPA
SCHEME
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system, and there ar€ single-antenna UEs in this system.

In this paper, we consider the pilot random access procedure
which is performed in time slot. As illustrated in Fify.1, iaclh  Fig. 2. The proposed SUCR-IPA scheme.
RAST, the total time-frequency resource is divided into two
blocks, namely pilot random access block and payload data ] ] ] ]
block. As their names shown, the pilot random access blogktive UES,Z;, is available to the BS. The details of this
is used by UEs to access randomly to the pilot, and the paylc¥€me are described as follows.
data block is used to transmit the UEs’ payload data, whichSt€P 1: UE Randomly Selecting Pilot Sequence
is the same as described [ [7]. Only when the UE accesse§ach active M2M UE randomly chooses a pilot from the
to the pilot successfully, can it send its payload data. la thset of mutually orthogonal pilot#, = {517£2a£3 &
paper we only focus on the pilot random access procedurewith equal probability- and transmits it to the BS.

Assume that the interval between any two successive RASTY gt p,, — (hllc,hif.. ,h)T denote the channel gain
isd. Theith RAST, during the observed t”Ti@, D], is denoted between UEL and the BS, Wherq_)T is the transpose
by RS, 1 <i <7 .LetZ} denote the number of new arrivalspperation. Lety, be the pilot sequence selected by WE
performing theirn'" (1 < n < W) access attempts duringand satisfie$|+,,|| = v/Z, whereL is the length of each pilot
RS;, where W is the maximum number of access attemptand|| e || stands for the Euclidean norm of a vector. Lt
Thus, the number of active UEs during R&n be written as denote the uplink transmitting power of UE The received
pilot signalY at BS is

w
Zi=Y 7" 1) z,
n=1 Y =Y /pk bty + N, (5)
According to [9], Z} is defined as k=1
where N ¢ CMxL is white noise distributed vector (or
Z} :N/g(t)dta (2) matrix) with each element being mean zero and variance
e o? circularly-symmetric complex Gaussian distribution,.,i.e

CN(0,0?), andC is the space of complex-valued.

In this paper, we consider the uncorrelated Rayleigh fading
channels, i.e.hx ~ CN(0,Br x In), whereIn, denotes
the M x M identity matrix ands, accounts for the path loss

where N is the total number of new arrivals duringRASTS,
t; = d x i, andg(t) is the probability density function of M2M
calls. As described ir_[9y(¢) is defined as

o1 (T-4) ! of UE k.
g(t) = T 150 0)’ <t=<D, (3)  step 2: BS Generating and Broadcasting Precoded Random
’ Access Response (PRAR), Idle Pilots and Access Class Bar-
where 8(«, 9) is the beta function with parametessand v, ring (ACB) Factor
and defined as To obtain the desired information, following the procedure
1 in [10], we first correlateY” with each of the pilots inP,.
B, ¥) = /to‘_l(l — )7 (4) Thus, we have
" y-YS 1<i<nq, ©)
1€l
B. The Proposed SUCR-IPA scheme wherey, is a vector withM elements and.)* denotes the

Fig[2 shows the main four steps of the SUCR-IPA schemegnjugate of a vector (or matrix). _
whose main idea is to make full use of the idle pilots. Conside According to the remark 1 in[[10], whed/ is large,
the i*» RAST, RS, 1 < i < n. Assume that the number ofthe value of% of the idle pilot, i.e., the pilot that is



not selected by any UE, almost equals the variance of teents the throughput of the system and can be computed by
additive noise, while that of the selected pilot almost dgjua

the sum of the signal gains and the variance, which is mucrk_S - . Z; P.(DY) ( Z; > (i)u(l _ L)Zi_“
greater than that of the idle pilot. Hence, the BS can easily * Pz 7TV TP >
estimate the number and indexes of those idle pilots, ddnote e F (T:) (1 _ T)F !
by G; and{nq,n2,ns,...,ng,} accordingly. The PRAR can ‘1 Gi Gi
YK a Z; ) u—1 Zi—u
be calculated as [10] @ = S P(DY) ( Z; > (%) (1 B %)
u=1 u P P
Tp y - F—-1
_ t T v _ i
V_\/az qu}t’ (7) + FXTi X (1 Tpx(l_%)zi) ’
t=1

where (a) follows from the fact that G= 7, x (1 — %)ZT‘

where ¢ is the downlink transmitting power, ang, is the . - \
downlink pilot corresponding to th&" uplink pilot. and Pr(D,) denotes the probability that a pilot sequence

Finally, we estimate the expected number of UEs, who wip selected byu UEs during step 1, while there is only

L - one UE repeating this pilot during step 3. It can be seen
t tth lots d tep 3, denotedMyThus, th . !
g% ;ee?:?he f\g;g'fgéoﬁgi ?1?? enoteaiythus, the easily thatu, i.e., the number of M2M UEs who select the

same pilot, follows a binomial distribution. We denote it as

G u ~ B(Zl, %)
- > G We note thatZ§ includes two terms. The first term
jjiv = (8) Zi 1 Zl 1\U 1\Zi—u .
T 2. Pr(D,) (=) (1-=) indicates that the
1,F <G u=l v ) - .
number of access success UEs who repeat their pilots during
F—
The estimation oft” will be described in Section III. step 3. The second terdi x T? x (1 — L
¢ TpX(1—--)7"

After these processes, the BS broadcasts PRAR, idle Pilgts » .
. . . . denotes the number of access success UEs who select the idle
indexes and ACB factor to all active UEs via downlink

broadcast channel pilots during step 3. Now, we discuss how to compute the
o probability P,(D?), the expected number of UEs who do not
Step 3: UE Transmitting either Repeated or Reselected P'F@beat their pilots¥’ during step 3, and the ACB factd??.
Based on the received PRAR, each UE independently dejrst |6t Dd denote the event that a pilot is selected by
termines whether it is the strongest UE, following the methq g during step 1 while there a#g0 < d < u) UEs repeating
described in[[7]. If it is a winner, the UE will repeat its film this pilot during step 3. LeR; denote the event that UE is

the BS. Otherwise, the UE generates a random value rangiijge 1o repeat its pilot and;, denote the event that UE is
from O to 1, and compares it with the ACB facttf. Whenthe 4t aple to repeat its pilot.

generated random value is less tHgh the UE will contend

for the G idle pilots and send the reselected pilot to the BS. [f; yittarent cases with respect to the fact that, among u UEs,
the generated random value is lager tidh) the UE remains oo areq UES repeat this pilot during step 3. For thé
silent, which implies that the UE is failed to access to th(e1 <1< A9 case, we us&X; = {z},22,--- ,2{} to denote

= Ay ’ - IRR et

pilot under current RAST. In additi_on, "%'0”9 with the piIOtthe_indexes ofl UEs who repeat this pilot, and the remaining
sequence, UEs should also transmit uplink messages sucqla_sd UEs are denoted by, — {yl Y2, - yu—d} The
- 1 I1» » I .

the identity numbers of the UEs during this step.
Step 4: BS Allocating Dedicated Data Pilots (DDP)

For eventD?, it can be seen easily that there avgkinds

probability of D¢ can be written as

After receiving the pilots, the BS estimates the channeti gai AL
of each UE and utilizes it to decode the corresponding UL P,(D%) = ZPT {Rzll, e ,sz,Jyll, e ,Jyufd}. (20)
message. If the decoding successes, the BS allocates DDP to 1=1 o

the corresponding UE, a procedure resembling step 2. Those
UEs, who do not receive the DDP, will select an integer By settingd in (10) to 1, we get the probability’, (D,,).
numberB from 1 to Wgo uniformly. Then, after waitingB The computation of?, Ry, ,Rw?, Jyrse ,Jylufd in
time, the UE reattempts its access in the upcoming RAST. (I0) with respect tal = 1 can be found in[[10], and the same
way can be used to get the value of this term corresponding
to other values ofl.
[1l. PERFORMANCE ANALYSIS The expected number of UEs who do not repeat their pilots
during step 3, can be calculated by
In this section, we mainly analyze the performance of the
SUCR-IPA scheme, including the throughput of the system
during the i" RAST, access success probability during F= ZFU’
RASTSs, and the CDF of the number of access attempts.

The number of access success UEs, denotedhyepre- where F,, the expected number of UEs not repeating their

(11)



pilots during step 3 among contenders, can be calculated by 45

u

by = Z (u— d)PT(DZ)Cgpa (12) 40
d=0
whereC? , the expected number of pilots selectedbyEs, 35 IR e S b
can be computed by 2 -

s B %0 ——SUCR-analysis
Cr, = m21 ( v >(r_1p)u(1 —)n - +-SUCR-simulation
s X o (13) 25 —SUCR-PA-analysis | -
3 P — —e. . .
= o )(T—p)“(l— ) ¢-SUCR-IPA-simulation
20 1 1 1 1
Let P, denote the access success probability during 1 20 40 60 80 100
RASTs. Apparently,P; is just the ratio of the throughput to M
the number of active UEs duringRASTSs. Therefore, we have
n i s 1 -th
Z Zis Fig. 3. The throughpuZ? during thei*” RAST.
=1

P, (14)

Z Zi 1 T T T T T T T T T
i=1

Let F,, represent the CDF of the number of access attemp 08
Then, we have

n 0.6 1
: . DR
_ =1 n=
Fp(p < 7‘) T 0 W n ? (15) 04 —+—SUCR: analysis i
Z; ngl 0,8 - #-SUCR: simulation

. 0.2 —SUCR-IPA: i
where Z, is the number of UEs, who are successfull SUCR-PA: analysis
’ - - SUCR-IPA-simulation

aIIocated7piIots aften access attempts during R%et P ; 0 , , , , , : ; ;
represent the access success probability of UEs during R 110 20 30 40 S0 80 70 80 90 100
Hence, we have M

Zj's=Z]" X Pig ;. (16)

) ] Fig. 4. Access success probabiliig duringn RASTs wheren = 100.
We assume that the number of active UEs during itfie

RAST, i.e., Z;, is known. Furthermore, the throughput during
the i" RAST, Z¢, which depends on the access scheme, CaN = ¢ = 1. The median signal to noise ratio (SNR) of the

be derived easily byL{9). Hencéy; ; can be calculated by UEs at the corner of cell is 0 dB. The radius of the cell is

75 250 meters and all UEs locate uniformly at the place which
Popi= - (17) s farther than 25 meters from the BS.
i ' ) Consider the crowded scenario that there/sractive M2M
;Apparently, the failed probability of UEs during R$5 g guring;) RASTS with intervals, where N' = 2000, 7 —
Popi=1—Pip, 100, andé = 10ms. We set the number of pilots allocated to

It should be noted that the calculation Bf, ; in (I7) is  \1oM UEs asr. — 60 and the length of each pilot i5 = 64.
different from that mentioned in [8]. The main advantage Qja 550 sewgo — 920ms and W —= 10.

@Dis thaththe calcglatlo?hs sulltageffor atl)mosbtta!l thgde_lt? Fig[3 illustrates the variance of the throughpft with M/
access schemes, since the valu&pfcan be obtained either antennas. The number of active UEs in;RSset asZ; = 60.

.by "?‘”a'y.s's or by simulation. The pqmputatlonIQjE__’i in [g] This scenario indicates that the system is fundamentaky-ov
IS 9"?” In a direct way. However, it is hard to obtalr_1 the mluIoaded in the sense that, on average, each pilot is selected
of Pjy,; directly for the SUCR protocol proposed i [7]. by one UE. Both simulation results and analysis results are
included in this figure. Another point should be noted is that
IV. SIMULATION RESULTS the analysis results of the SUCR-IPA scheme and the SUCR
In this section, we compare the performance of the SUCRrotocol can be obtained by](9) and the first term [af (9),
IPA scheme with SUCR protocol, in terms of the throughpuéspectively. We can see that the simulation results match
during a certain RAST, the access success probability guriwell with the analysis results. Furthermore, the throughpu
n RASTs and the CDF of the number of access attempts. of the SUCR-IPA scheme is significantly higher than that of
The path loss exponent of the uncorrelated Rayleigh fadittie SUCR protocol. We can also note that the througtifjut
in the urban micro scenario is 3.8 [12]. We assume that tirereases dramatically frof/ = 1 to M = 20, and increases
UEs and BS in the cell transmit signals at full power, i.eat a slower pace whef/ > 20.
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has almost no effect on the number of failed UEs in its related

Figl shows the access success probabffitduring then RASTSs, while that in the SUCR scheme has great effect.

RASTSs, wheren = 100. We can observe that the simulation
results of the SUCR-IPA scheme match well with our analysis
results whenl/ > 20 and theP; is as high as 9. In contrast,
P, of the SUCR protocol is much smaller than that of th
SUCR-IPA scheme and the simulation results does not ma
well with its analysis results. The reason for the results loa
explained from the impact of the current RAST on its relat

V. CONCLUSION

In this paper, we propose a new scheme for M2M com-

munication in crowded massive MIMO systems to resolve

fhe intra-cell pilot collision. The idle pilots provide ather
ortunity for those failed UEs judged by SUCR protocol

to be allocated pilots successfully. We also propose a simpl

) ) i ethod to compute the access success probability for UEs

RASTS. Fid.5 gives the number of active UEs(ih (1) and nele RaST, The simulation results match well with analysis

arrivals in [2) for each RAST whed/ = 50. Due 1o the \ogits and show that the SUCR-IPA scheme gives much better
high access success probability of UEs in each RAST of t &rformance than the SUCR protocol

e
SUCR-IPA scheme, the number of UEs in the current RAST
who reattempt accesses in its related RASTSs is small. Hence,
the increased number of UEs in its related RASTs caused by,
the failed UEs in the current RAST is very small. In other
words, the impact of the current RAST on its related RASTs
will be small. Therefore, we can note that the number ofy
active UEs is close to the number of new arrivals, as shown in
Fig[8. Furthermore, recalling conclusion in[10] that, there 3
contenders in the RAST, the smaller the probability of only
one UE among the contenders repeating its pilot during stepl
3, we observe that the current RAST will almost not impact
the number of failed UEs in its related RASTs and not furthe ]
impact the number of access attempts. Nevertheless, for the
SUCR protocol, due to the lower access success probabili§}
of UEs in each RAST compared to the SUCR-IPA scheme,
the impact of current RAST on its related RASTs as describefd]
above is large, and hence the number of active UEs is far away
from the number of new arrivals as shown in Eig.5. As a resulig
the current RAST greatly impact the number of failed UEs in
its related RASTSs. ]

Fig[@ depicts the CDF of the number of access atterfipts
when M = 50. We can note that the simulation results of th&-]
SUCR-IPA scheme is almost identical to its analysis results
and almost 9% UEs are successfully allocated pilots in
exactly one access attempt. However, for the SUCR protodat!
only 55% UEs are successfully allocated pilots in one access
attempt. The reason for this is similar to that we explaingeb]
for Fig.4. That is, the current RAST in the SUCR-IPA scheme
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