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Smart Pilot Assignment for Massive MIMO
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Abstract—A massive multiple-input multiple-output (MIMO)
system, which utilizes a large number of antennas at the base
station (BS) to serve multiple users, suffers from pilot cotamina-
tion due to inter-cell interference. A smart pilot assignment (SPA)
scheme is proposed in this letter to improve the performancef
users with severe pilot contamination. Specifically, by expiting
the large-scale characteristics of fading channels, the Bfirstly
measures the inter-cell interference of each pilot sequeecaused
by the users with the same pilot sequence in other adjacent _. ) ) ) .
cells. Then, in contrast to the conventional schemes whictssign '9- 1+ A typical multi-cell muiti-user massive MIMO system

the pilot sequences to the users randomly, the proposed SPAig apie 1o reduce the inter-cell interference when the cann
method assigns the pilot sequence with the smallest inteett

interference to the user having the worst channel quality ina  Vectors from different users are orthogonal. All those tohs

sequential way to improve its performance. Simulation reslis ~assign the available pilot sequences to different usecoraty
verify the performance gain of the proposed scheme in typida without considering their different channel qualitiesdaiso

_
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massive MIMO systems. ignore the fact that the severity of pilot contaminationiesr
Index Terms—Massive MIMO, pilot contamination, inter-cell among different pilot sequences.
interference, pilot assignment, channel quality. In this letter, a smart pilot assignment (SPA) scheme is

proposed to enhance the performance of users with severe
pilot contamination. We consider the pilot assignment fob
for a target cell, which is surrounded by other adjacentscell
Massive multiple-input multiple-output (MIMO) has beerlJnlike the conventional schemes which assign the available
recently investigated to meet the exponential increase mf npilot sequences to the users in a random way, our proposed
bile traffic in wireless system§&][1],][2], whereby a baseistat SPA scheme aims to maximize the minimum uplink signal-to-
(BS) equipped with a large number of antennas serves mailtiphterference-plus-noise-ratio (SINR) of all users in theget
users simultaneously. Asymptotic analysis based on randegil. Specifically, by exploiting the large-scale charsstes
matrix theory [2] demonstrates that the intra-cell integfece of fading channels, the BS firstly measures the inter-cell
and the uncorrelated noise can be effectively eliminatednwhinterference of each pilot sequence caused by the users with
the number of BS antennas goes to infinity. However, pilthhe same pilot sequence in other adjacent cells. After that,
contamination caused by the inter-cell interference natgd channel qualities from different users in the target celihe
from the reuse of the same pilot group in adjacent cells, doBS can be detected, which usually differ from one user to
not vanish as the increase of BS antennas, and it becomesahether. The proposed SPA method assigns the pilot sequence
performance bottleneck of massive MIMO systems [1], [2]. with the smallest inter-cell interference to the user hgvin
The issue of pilot contamination has been widely studigtie worst channel quality in a sequential way until all users
in the literature [[B]4[6]. The time-shifted pilot schemeds have been assigned by their corresponding pilot sequences.
effective solution by using asynchronous transmissionragnoSimulation results verify the effectiveness and perforogan
adjacent cells[[3], but leads to the mutual interferences bgain of the proposed SPA scheme in typical massive MIMO
tween data and pilot. A greedy pilot assignment algorithsystems.
[4] can mitigate the pilot contamination by exploiting the
statistical channel covariance information, but suffemmf Il. SYSTEM MODEL

high computational complexity of iteratively minimizinge¢  As shown in Fig[Jl, we consider a multi-cell multi-user
mean degree of spatial orthogonality. Pilot contaminatigfizssive MIMO system composed 6f hexagonal cells, and
precoding[[5] can mitigate the inter-cell interference byltin  each cell is consisted of a BS wiflY antennas and’ (K <
cell joint processing, but suffers from spectral efficiet@ys  ,7) single-antenna users|[1],][2]. The channel vedigy, €

due to high overhead required by information exchange. {n/x1 from the k-th user in thej-th cell to the BS in the-th
addition, a blind method based on subspace partitioriing [83I| can be modeled as
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Assuming the pilot sequenceB = [¢,, ¢, -, ¢]T € uplink capacity is limited by the pilot contamination and
CE*7 with length of - used in one cell are orthogonal, i.e.cannot be improved by the increase of eitpgror pp.
&P = I, and the same pilot group is reused in other cells
due to the limited pilot resourc€l[1]. The conventional pilo I1l. PROPOSEDSCHEME
assignment methods usually assign the pilot sequénce , . . . -
: 7 . In this section, the pilot assignment for a target cell idlfirs
the k-th user without considering the different channel quak) P 9 g by

o . . rmulated as an optimization problem. Then, the SPA scheme
ities among userg [1][]2]. Thus, the received pilot seqaenc L L

P M : ) I5 proposed to approach the optimization solution in a greed
Y € X7 at the BS in the-th cell can be represented as o . .

i way. The performance analysis is also provided to verify the

L K . effectiveness of the proposed SPA scheme.
YP= /o> > hidi + NP, 2
JmR=L A. Problem Formulation
We consider the pilot assignment for a specific cell, i.e.,
e i-th cell as the target cell, and the pilot assignment for
other cells are independently managed by their correspgndi
BSs. For this target cell, the number of different kinds dbtpi
assignments betweell users[U;,Us,--- ,Uk] and K pilot
sequence$p,, ¢, -, Pk is huge, i.e ,P(K,K) = K!. In

where p, denotes the pilot transmission power, ahf &
CM*7 denotes the additive Gaussian white noise (AWGN) mg;
trix with entries being independent and identically dimted
(i.i.d.) Gaussian random variables with zero-mean andwag
o3;. Similarly, the received user dagd € C**! at the BS in
the i-th cell can be represented as

L K the conventional pilot assignment schenies [1], [2], thetpil
Yi =YD higal +nl, (3) sequencep,, is assigned to thé-th userl;, randomly. Based
j=1k=1 on the possible cooperation among cells, such as coordinate

wherez!, denotes the symbol from thieth user in thej-th multiple points (COMP) in LTE-A systems, a specific BS is
cell with E{|I;k|2} = 1, py denotes the uplink data trans-ab_|e to acquire the p||0t_a35|gnment knowledge of othescell
mission power, anch¥ € CM*! denotes the AWGN vector Without loss of generality, for othgr cells.around t.he targe
with E{nY(n;)"} = 021,,. By correlating the received pilot cell, we assume that the randqm pilot assignment is used.
sequencé{f with pilot sequencep,,, the channel estimate of In massive MIMO systems, since the poor users with severe

the k-th user in thei-th cell can be represented as pilot contamination are the performance bottlenéck 1]}, \iz2
aim to maximize the minimum uplink SINR of al users

- 1 o1 L in the target cell, which can be formulated as the following
by = \/—p—pYi P = ; hiji + Vik, ) optimization problem
_ 1 NPH . - ; . |hgf’“ b [?
wherev;, = Z=Ni®y, denotes the equivalent noise. It is P - max min s s -, 7)
clear that the channel estimate of theh user in thei-th {Fs} vk S [hH )2 + I
cell, hy;;, is a linear combination of the channdis;;, j = gLk o
1,2,---, L, of the users with the same pilot sequence in ayhere {Fs : s = 1,---, K!} denotes all possiblé! kinds
cells, which is referred to as pilot contaminatién [1], [2].  Of pilot assignments, e.g%; = [f!, fZ,--- , fX] denotes the

By adopting the matched-filter (MF) detector based on tieth assignment, and assuming that the pilot sequences
channel estimate resut;;;., the detected symbol for theth —assigned to thé-th userUj in all other cells.

user in thei-th cell can be represented as However, it seems impossible to solve this optimization
. T problem P due to the fact that we cannot obtain accurate
T, = higy; channel estimate under pilot contamination as showiin (4).

L . LK . ! Fortunately, the limit of the uplink SINR can be represented
(Z hiji + vir) (VPUZ Z by, + n;) by the large-scale fading coefficients;;, as shown in[(6).
j=1

I=lK =1 As shown in [4]{6], the large-scale fading coefficients,
= Vpuhl hieaty + ) hff hyat) +el,  (5) change slowly and can be easily tracked by the BSs. Thus,
i the optimization problen® can be approached by
wherece}, denotes the intra-cell interference and uncorrelated Moo 2 15
noise, which can be significantly reduced by increasing the P P max min —=———5—. (8)
number of BS antenna$§][2]. Then, the uplink SINR of the (Pl VR 2 B
k-th user in thei-th cell can be calculated as The proposed SPA scheme aims to solve this optimization
Ih? hyp|? Moo 2 problemP’ in a greedy way, which will be addressed in detail
SINR;, = ik ENE “E-—.in the next subsection.
> i [hfT by + . >t ijk(6)

Thus, the corresponding average uplink capacity of this ud® Pilot Assignment
can be calculated as;C= E{log,(1 + SINR},)}. It is clear ~ The most direct way to solve the optimization problér
that thermal noise and small-scale fading effects could kethe exhaustive search, which tries all possible assigtsne
averaged out a8/ grows to infinity. However, the averageand chooses the best one. However, the number of all pilot



assignments is as huge &4, which leads to high computa- Fy: ¢fp1 ¢ka ¢pr
tional complexity. In this letter, the optimization prolieP’ Proposed | lp S
is solved in a greedy way with low complexity. SPA scheme

For the target cell, we define a series of paramefterg £, Foi E]fq1 - qu’“’ o Ugg
to quantify the channel quality ok users as \(_}
= B k=19 K © e {fﬁ” Y R NI N e
proof F.- U e U U
For the K pilot sequence$¢1,¢>27 .-+, ¢x], we define an- @ Uy £y 1

other series of parametefs; }+_, to quantify the inter-cell
interference of each pilot sequence caused by the users wi
same pilot sequence in other adjacent cells as

Iﬁq 2. Intuitive description and proof of the proposed SkAene.

there is another permutatiof,, of K users, which has larger

Ve = Zﬁfjk, k=12, K, (10) minimum uplink SINR of K" users than that of, i.e.,
JF#i Oéfk o k
which varies amongx pilot sequences. Jtq = min > jig = min (13)

. i i Vk ’}/ k Vk ’7 k
For a specific assignmed®, = [fL, f2,---, fX], the pilot

sequencep,, is assigned to the uséf;., whereby the limit ~ Now we prove that such permutatiof, does not exist

of uplink SINR of the usel/, i.e., SINF{k — apr /s i and the intuitive proof is shown in Figl 2. More specifically,

decided by two aspects: 1) ‘the channel quamjyc of the We firstly assume that the usér %o has the minimum uplink

userUyx; 2) the inter-cell interferencey, caused by the usersSINR in the permutation?,, |e g = ajko/yfko Then,

with the same pilot sequeneg, in adjacent cells. In order to according to the permutatiof,., the pilot sequenc¢ ko will

maximize the minimum uplink SINR of all users in the targee assigned to the us@fr ko Comparlngoszo with o km there

cell, we need to avoid the pilot sequence with great intér-Ce i pe two results:

interference assigned to the user having bad channel gualit

which leads to relatively low uplink SINR. o
Based on this motivation, the SPA scheme is proposed, thé pilot sequences, is fixed, we have

which assigns the pilot sequence with the smallest intkr-ce Qpho g

interference to the user having the worst channel quality in pg < —— < —— = g, (14)

sequential way. Mathematically, as shown in Fij. 2, we first T g

sort the K pilot sequences according to the severity of inter-  which contradicts with the assumption [0 ]13).

cell interference in descending order, i.e., 2) « Ko > ko Due to the sorting process ih(12), it is

1) « b < Due to the fact that the permutation of

fa
Foilbp e dpscl, (11) cléar that
ki ko—1
whereby this permutatioﬁ of the K pilot sequences satisfies S {fq, SRRV /A (15)
Vpp =Ygz = -0 = g > 0. Similarly, we sort thek” users Then, we consider the pilot assignment of the pilot
according to thelr channel qualities in descending order, i sequence$¢f;,¢f2, SRy 1o~ 1}. Since one user cho-
Fy:[Up,Upz,- - Uy, (12) sen from {Uy1,Uyz, - U fro- 1} has been assigned

with the pilot sequenceﬁfko, there must be an user
U k1 (k1 > ko) assigned with a pilot sequena:,efk2
(kg < ko). As a result, we have

whereby this permutatiotF, of the K users satisfie&f1 >
apr > - = ape > 0. Then the pilot sequencéfk

wiil be assigned to the corresponding uwk Apparentfy o o o
1 0 -0
q

the computational complexity of the proposed SPA scheme gy < < o« Jo (16)
comes from the sorting process, which is oy K log K) T Vg2 N V k2 N Vgko !

L X | : .
zggr(l;\:ghglble compared witth(K'!) required by exhaustive which contradicts with the assumption [113).

In order to apply the proposed greedy solution to the who'l% IS corcljclg(;eAd thr?t the permmi“?f ge;nterateo: bilh the "
system with L cells, a sequential iterative scheme can Py opose bl SC Ierlge is honeho € sobu 1ons Oh € opt-
utilized. Specifically, allL cells solve their own optimization mization problem’. Note that there may be more than one

problems in a sequential way, and then this sequential prc)((’J(;‘;)tlmal solution, for example, there are two users with the

dure is carried out iteratively until the convergence isieotd. same channel quality, i.e, = ax,, k1 # k2. However, the
exchange of the pilot sequences assigned to these two users

) makes no difference on the minimum uplink SINR.

C. Performance Analysis It should be pointed out that the solution to the optimizatio
In this subsection, we prove that the pilot assignmeptoblem”P’ is also the solution to the optimization problém
greedily generated by the proposed SPA scheme is one of Wigen the number of antennas at the BS grows to infinity, i.e.,
solutions to the optimization problefd’. M — oo. With a finite number of BS antennas in practical

Without loss of generality, we fix the permutation & systems, the solution t®’ can approach the solution 1B,
pilot sequences ag, addressed in[{11), and assume thathich will be verified by simulation results.
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Fig. 3. Simulation results: (a) The CDF of the minimum upl&WNR among allK" users in the target cell; (b) The average uplink capacityhefuser with
the minimum uplink SINR among in the target cell; (c) The aangence of the average minimum uplink SINR in each cell.
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IV. NUMERICAL RESULTS SINR in the proposed SPA scheme is larger than that of the

In this section, we investigate the performance of trePnventional schemes by about 0.6 bps/Hz. Moreover, when
proposed SPA scheme through Monte-Carlo simulations. J{ 9rows large, the performance of the proposed SPA scheme
typical hexagonal cellular network with cells is considered, @Proaches that of the optimal solution. o
where each cell hag users with single-antenna and a Bs F19-3 (c) shows the convergence of the average minimum
with M antennas[1]/2]. The center cell surrounded by othé‘P"”k SINR in each cell when the sequenua! |terat|\{e schem
cells is considered as the target cell. The system paraset§r@PPlied to the whole system. Whei = 32 is considered,
are summarized in Table I. As addressedin [2], the Iarg&escﬁ takes about 5 iterations to converge for Alicells, and the

fading coefficient3;;» can be modeled as required number of iterations becomes smaller if the number
” of BS antennas increases, e.g/, = 128 or M = 512 as
Bijk = zijr/(riji/R)S, (17) illustrated in Fig[B (c).

wherez;;;, represents the shadow fading and possesses a log- V. CONCLUSIONS

normal distribution (i.e.10log;(z;;%) is Gaussian distributed
with zero mean and the standard deviatiorvgfado, 7ijk 1S
the distance between theth user in thej-th cell and the BS
in thei-th cell, andR is the cell radius.

In this letter, we have proposed a smart pilot assignment
scheme to improve the minimum uplink SINR of all users
within the target cell in massive MIMO systems. By explaitin
the large-scale characteristics of fading channels, thpqsed

TABLE | SPA scheme assigns the pilot sequence with the smallest

SIMULATION PARAMETERS inter-cell interference to the user having the worst channe
— - quality in a sequential way. Theoretical analysis proves th
Nmbg: gf ‘éessantennaM STIT=EE the pilot assignment generated by the SPA scheme is the
NUmber of Users in each celt K =38 solution to the simplified optimization proble®, which can
Cell radiusR 500 m approach the original optimization problefhwhen M grows
Cell edge SNR_ 20 dB to infinity. Simulation results demonstrate that for theitgb
ﬁ\;‘fﬁ%i;r:;;;ﬂ;&ower at usews, pu g dBm configuration of 128 BS antennas in multi-user massive MIMO
Log normal shadowing fadiNgsnagow | 8 dB systems, the proposed SPA scheme is able to improve the

minimum uplink SINR of users by about 2 dB.
Fig.[3 (a) plots the cumulative distribution function (CDF) REFERENCES

curve of the minimum upllnk SINR among al users in the [1] T. Marzetta, “Noncooperative cellular wireless withliomted numbers

target cell. The conventional schemes assign the pilotesezg of base station antennadFEE Trans. Wirel. Commun., vol. 9, no. 11,
¢;. to the userUy [1], [2], and the optimal solution is the  pp. 3590-3600, Nov. 2010.

: T ; .~ [2] F. Rusek, D. Persson, B. Lau, E. Larsson, T. Marzetta, @ors, and F.
solution to the thImlzat_lon probleﬂﬁ Ob?al_ned t_)y exhaustive Tufvesson, “Scaling up MIMO: Opportunities and chanllengéth very
SeaI’Ch Whem — 32 IS COﬂSIdeI’ed, itis eV|dent that the |arge arrays”’|EEE ggna] Process. Mag.’ vol. 30, no. 1, pp. 40-60, Jan.

proposed SPA scheme outperforms the conventional schemes013.

by about 2 dB. and the optimal solution is the best with anoth@] F. Fernandes, A. Ashikhmin, and T. Marzetta, “Intertdaterference in
. ! . noncooperative TDD large scale antenna systeni=FE J. Sel. Areas
gain about 0.5 dB. When the number of BS antennas increases commun., vo. 31, pp. 192-201, Feb. 2013.

i.e., M =512 is considered, we can find that the performandél M. Li, S. Jin, and X. Gao, “Spatial orthogonality-basedopreuse for

; ulti-cell massive MIMO transmission/EEE Int. Conf. Wirel. Commun.
of t_he propos_ed SPA scheme is almost the same as that of thegj‘gnal Process. (WCSP) 2013, Oct, 24-26, 2013, pp. 1-6.
optimal solution. [5] A. Ashikhmin and T. Marzetta, “Pilot contamination paeting in multi-

Fig.[3 (b) shows the average uplink capacity of the user with cell large scale antenna system&EE Int. Symp. Inf. Theory (ISIT), Jul.
o : : 2012, pp. 1137-1141.
the minimum uplln_k SINR among alk U_Sers m_ the target [6] R. Muller, L. Cottatellucci, and M. Vehkapera, “Blindlpt decontamina-
cell. When the typical parametéd = 128 is considered, the tion,” IEEE J. Sel. Top. Signal Process,, vol. 8, no. 5, pp. 773-786, Oct.

average uplink capacity of the user with the minimum uplink 2014.



	I Introduction
	II System Model
	III Proposed Scheme
	III-A Problem Formulation
	III-B Pilot Assignment
	III-C Performance Analysis

	IV Numerical Results
	V Conclusions
	References

