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Abstract—Although the benefits of precoding and combining standard can employ up to eight antenna elemerits [4]. For
data signals are widely recognized, the potential of theseeth- 5G systems, we expect high-end UEs supporting high order
niques for pilot transmission is not fully understood. This is of modulation and coding schemes and a greater number of

particularly relevant for multiuser multiple-input multi ple-output . . I .
(MU-MIMO) cellular systems using millimeter-wave (mmwave) [€CeIvVe and transmit antennas [5]. Moreover, due to the high

communications, where multiple antennas have to be used toat  Path loss at the mmWave frequencies, exploiting multiple
the transmitter and the receiver to overcome the severe pattoss. antennas in addition to the spatial precoding and combining
In this paper, we characterize the gains of pilot precoding ad js considered to have an essential role for establishing and
combining in terms of channel estimation quality and achieable maintaining a robust communication link] [6]. Nonetheless
data rate. Specifically, we consider three uplink pilot trarsmission Lo . L . . . ’
scenarios in a mmWave MU-MIMO cellular system: 1) non- most of the significant investigations in massive multu_Jser
precoded and uncombined, 2) precoded but uncombined, and MIMO (MU-MIMO) assume that the BSs or access points
3) precoded and combined. We show that a simple precoder that serve a lower number aingle-antenndJEs. In those studies,
utilizes only the second-order statistics of the channel @uces sych an assumption is considered non-restrictive becéuase t
the variance of the channel estimation error by a factor thatis spatial precoding of the user data streams boosts the achiev

proportional to the number of user equipment (UE) antennas. . - . . I .
We also show that using a linear combiner designed based on Signal-to-noise-and-interference ratio (SINR) [7] [8)hile

the second-order statistics of the channel significantly @uces transmit precoding for the downlink transmission is the key
multiuser interference and provides the possibility of rewsing to achieve high spectral efficiency, precoding in the uplink
some pilots. Specifically, in the large antenna regime, pito direction has not been considered in these works. This is
precoding and combining help to accommodate a large numberfo ;6 ot only for uplink data transmission, but also for the

UEs in one cell, significantly improve channel estimation qality, . . : . .
boost the signal-to-noise ratio of the UEs located close thie cell transmission of upll_nk pilot _5|gnals that are gsed to aepuir
edges, alleviate pilot contamination, and address the imtianced ~both channel state information at the transmitter (CSITJ an
coverage of pilot and data signals. channel state information at the receiver (CSIR) at the BS. A

Index Terms—multiuser MIMO, multiple antenna UEs, chan- ,d"eCt consequgnt_:e of the |aCk_ Qf precoding of piIoF signals
nel estimation, millimeter-wave, transceiver design. is that the majority of the existing schemes consider one
orthogonal pilot sequence per transmit antenna, whichsgive
several systematic problems — illustrated in the sequeld- an
may limit the efficiency and future use cases of MU-MIMO

Multiple-input multiple-output (MIMO) systems that em-systems, especially in mmWave networks.
ploy a large number of antenna ports at wireless accessAcquiring accurate channel state information (CSl), eithe
points are a rapidly maturing technology. THé Generation at the transmitter or at the receiver, is among the main
Partnership Project (3GPP) is currently studying the &etdi bottlenecks of massive MIMO systems and faces three main
technology enablers and performance benefits of deployidigallenges:i) scalability of the number of pilotsi) per-
large scale antenna systems that support up to 64 anteformance at low signal-to-noise ratio (SNR), afil pilot
ports at cellular base stations (BS§) [1]. Moreover, higheontamination[[9],[[10]. The length of training sequences f
frequency bands, such as millimeter-wave (mmWave), wil nachannel estimation, in the traditional “one orthogonabpil
urally employ large-scale antenna systenis [2]. With mmWasgequence per transmit antenna” scheme scales up (at least)
antennas, the physical array size can be greatly reduced dmearly with the number of transmit antennasi[11]. Assugnin
to the decrease in wavelength. Therefore, it is expected ttaat the number of BS antennas is larger than the combined
wireless systems employing even greater number of antenmanber of UE antennas, channel estimation in uplink imposes
ports will be deployed in mmWave bands, making massighorter training sequences. However, this scheme recfiiees
MIMO systems a practical reality. principle of channel reciprocity to hold, which is valid gribr

In addition to the usage of many antenna ports at thiene division duplexing (TDD) mode and when the duplexing
BS, also user equipments (UEs) compliant with existing anitne is much shorter than the coherence time of the channel.
emerging wireless standards are also employing a growilmgus, realizing massive MIMO systems in frequency division
number of receive and transmit antennas. For example,rurrduplexing (FDD) mode is a well-known challengé [9]. Even in
UEs of the 3GPP Long Term Evolution systems can empld@PD mode, this scheme may not be feasible when a massive
up to four antennas for transmit and receive diversity as welumber of multiple-antenna UEs are present, which is an
as for spatial multiplexing 3]. Clients of the IEEE 802.tlaimportant use case of mmWave networks. In such a case, the
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entire coherence budget may be used only for the chanmestimation quality and the achievable data rate. Our eixtens
estimation procedure, depriving the data transmissiors@hanathematical and numerical analysis results in the fotgwi
from valuable coherent time and frequency resources. Thukey findings:
pilot transmission scheme that is scalable with the number o
transmit antennas is especially desirable in mmWave sygstem
Moreover, due to the central role of the uplink pilot signials
the CSI acquisition, the constrained UE power and the lack of
uplink precoding gains may limit the performance of mmWave
systems with large antenna arrays. This leads tiodoalanced
coverage of pilot and data signa(s.k.a imbalance between
uplink and downlink coveragé [12], [13]), where the range at
which reasonable data rates can be maintained differs from
the one at which pilot signals can be detected. This problem
is particularly important in mmWave networks due to severe
channel attenuations [14]. Therefore, a good pilot trassion
scheme should address the imbalance in pilot-data coverage*®

The above-mentioned technical challenges, which limit the
achievable data rate of massive MIMO systems, are exacer-
bated by pilot contamination, defined as the interferendhen
pilot signals [7], [8], [15]. Several methods to alleviatiop
contamination have been proposed and demonstidted [$}; [16
[18]. In the context of multi-cell networks, the results GB]
suggest that channel covariance-aware pilot assignmeéHtso
can completely remove the pilot contamination effects i th
limit of large number of BS antennas. The intuition is that
if a selected UE exhibits multipath angles of arrival (AoA)
at its serving BS, which do not overlap with the AoAs of
UEs in the neighboring cells, these UEs can reuse the same
pilot sequence as the selected UE, without any contamimatio °
among the pilots of different cells. In_[17], the UEs within
each cell employ the same pilot sequence while the UEs in
the different cells are assigned orthogonal pilot sequenidee
impact of intra-cell pilot contamination is mitigated latie
the downlink data transmission phase. However, in this case’
extra precoding matrices should be designed at the BSshwhic
add to the complexity of data transmission, specially winen t
number of antennas grows large. The other studies have not
investigated the pilot reuse within one cell, despite thaths
a reuse, together with employing multiple antenna elemaints
the UE, has the potential to substantially improve the spect
efficiency.

In this paper, we argue that all the aforementioned problems
— scalability, poor performance at low SNR, and pilot contam i ' :
ination — can be substantially alleviated by employing iplet with only one pilot symbol. We also characterize the
antennas at the UEs, together with pilot precoding and com- ~ @POVe gains in the finite antenna regime.
bining. We show the benefits of pilot precoding and combining Our investigations can contribute to answering the folfayvi
for general massive MU-MIMO systems and for mmWavéindamental questions related to large scale antennansyste
systems in particular, where these benefits are substadtial in general and mmWave networks in particular/[19]: How
investigation is motivated not only by the ongoing standargan we improve the quality of channel estimation for a fixed
development and the need to boost the uplink SNR, but aldtite) number of BS antennas? Can we mitigate the effects of
by the expectation that pilot precoding may achieve bettB{lot contamination and can we reduce the need for multicell
spatial separation of UEs served in the same and surrounda@grdination? Can we utilize massive antenna arrays in FDD
cells. Specifically, we focus on the uplink of a MU-MIMOSYystems? How many orthogonal pilot sequences do we need
system and consider three pilot transmission scenariomr) for a given number of — possibly multiple antenna — UEs?
precoded and uncombined (nPuC), which serves as a baselin€he rest of this paper is organized as follows. Secfion II
scenario, 2) precoded but uncombined (PuC), and 3) precodiedcribes the system model, including the channel and the
and combined (PC). We use these three scenarios to studydigmal model. Sectioh Il analyzes three distinct chanrsel e
gains of pilot precoding and combining in terms of channdimation techniques that differ in terms of complexity and

« Pilot precoding in PuC substantially improves the channel
estimation quality that can be achieved by the baseline
nPuC scenario. In particular, we show that the channel
estimation error variance can be reduced by a factor of
d = N/ L for large values ofV, whereN is the number of

UE antenna elements, arddis the rank of the channel
between each UE and the BS. Hence, pilot precoding
leads to a large improvement in the channel estimation
performance of systems with a large number of antennas
and low rank channels (which is the case in mmWave
networks) where is large.

A simple combiner of the pilot sequence, in the PC
scenario that uses only the second-order statistics of the
channel substantially reduces intra-cell multiuser mter
ference. In the systems with a large number of antennas
at the BS, such as in mmWave networks, this interfer-
ence can be canceled completely. Consequently in PC,
pilots can be reused within one cell, as opposed to
orthogonal pilot sequences used in the nPuC and PuC
scenarios. This potential translates into the possibility
of channel estimation using shorter training sequences
(or equivalently serving more UEs without extra training
sequences), which in turn enhances the network spectral
efficiency.

Unlike the baseline scenario, nPuC, the number of pilot
symbols needed in PuC and PC, is not dependent on
the number of antenna elements at the transmitters. This
benefit enables the realization of massive MIMO systems
in both FDD and TDD deployments.

In PC, when the number of antennas at the BS and UEs
goes to infinity, which may resemble a wireless back-
hauling scenario, we conclude the following asymptotic
results:

1) the effects of pilot contamination vanish;

2) a multi-cell network can be modeled by multiple unco-
ordinated single-cell systems with no performance loss
(that is, without a performance penalty due to the lack
of coordination); and

3) channel estimation in the entire network can be done



TABLE I: Summary of main notations. ..
y block. However, we assume that the second-order statistics

Symbol Definition of the channel remains unchanged fqrchannel uses, where
H, ¢ CM*N| Uplink channel matrix between UE and the BS Ts > T.. Moreover, we consider a cluster channel model [20]
Uy € C¥N*L| Antenna response of UE toward its AoDs with L paths between the BS and each UE. This model can
By, € CM*L| Antenna response of the BS toward its AoAs be easily transformed into the well-known virtual channel
G, € CLxL| Complex path gains between UEand the BS model [21]. Letg; be. thg complex gain of path between

== — , — the BS and UEk, which includes both path-loss and small

X, X An estimation ofX, and corresponding estimation error . . i .

) e T———— scal_e fading. In partl_cular_;{gk} f(_)r f';lll i e {1,..., L}_

are independent and identically distributed random véegab
N, M | Number of antennas at UEs and at the BS drawn from distributionCA/(0,02) where1/0? is the path-
L Number of paths between every UE and the BS loss between the BS and UE[22]. It consists of a constant
K Number of UEs in the cell attenuation, a distance dependent attenuation, and adeagge
T, Coherence time of fast fading log-normal fading. The uplink channel matrix between the BS
T Coherence time of slow fading and UEE% is
T Number of symbols transmitted during channel estimatjon MN L . )
Ty Number of symbols transmitted during data transmissign Hy = A/ I Z grb (%)uH (¢2) = BkaUE e CMxN ,
Pry Pd Total energy used for pilot/data transmission =1 (1)
L/o} | Pathloss between UE and the BS wheref:., and¢;, are the AoA an AoD of pathbetween the BS
o? Variance of a Gaussian noise and UEF, respectively. Parameteksc C™ andu € CV rep-

resent the normalized array response vectors of the BS’s and
. L . UEs’ antenna arrays, respectiveBy. = [b(6}),...,b(05)],
achievable channel estimation quality. Secfion IV studies ﬁ%&: u(@l), ..., u(¢l)), and G, € CL*L is a diagonal
rix

data transmission phase that makes use of the acquired whosei-th diagonal entry ig/i \/AZN/L. The channel

using the schemes discussed in Sedfidn Ill. Seéfion V ptesel, : : : J
= . NS . n be written in the vectorized format asl[23
additional engineering insights, and Sectionl VI concludes wr ! v 'z [23]

the paper. Useful definitions and lemmas, which are used vec (Hy) = (Uj, ® By) vec (Gy) = (Ur, ©Bi)ge, (2)

throughout the paper, are given in Appendix A. whereg;, is the principle diagonal o, andA; ® A, repre-
Notations: Capital bold letters denote matrices and lowel,nis the Khatri-Rao product &, and A (see Definitiori L
* T H !
bold letters denote vectors. The superscfil’, [X]", [X]" iy Appendix A). For the sake of tractability in the asymptoti

and [X]" stand for the conjugate, transpose, transpose COMykiformance analysis, we assume an antenna configuration at
gate and Moore-Penrose pseudoinversK pfespectively. The the BS and UEs which satisfies

subscript[X]; ; denotes entry oiX at row i and columnj.

[X].; represents column of X. I is the identity matrix lim b(0)"b(¢) = lim u(0)u(p) = {1 0= ¢’.
with the appropriate sizd,, is the identity matrix with size = M—oo N—o0 0 otherwise
x, vec(X) is the vectorization of matrixX, and diag(x) (3)

is a diagonal matrix with entriez. The Hadamard productfor any 6,¢ < R. These conditions hold for uniform linear
(element-wise product), Kronecker product and Khatri-Rayray antennas as well as randomly positioned antenna ele-
product of matriceX andY are denoted bX oY, X ®Y, mentsin the arrays. Although our general framework does not

andX ® Y respectively. Tabl | lists the main symbols usefiecessarily requird {3) to hold, our asymptotic perforneanc
throughout this paper. analysis remains tractable [fl(3) holds.

When the AoA's and AoD’s are given, chanrid}, is zero-
Il. SYSTEM MODEL mean circularly symmetric Gaussian with covariance matrix

We consider the uplink of a single-cell multiuser MIMORk’ which is defined based on the column stacking of the

network where a BS with/ antennas is servin’ UEs each Cannel matrix. Therefore, givelj's and ¢;s, vec (H) ~

equiped with N antennas. We comment on the extension gf/\/(O’Rk)' Using (2), the covariance matrix of chanrid}

our framework to a multi-cell network in Sectiéd V. Note thaf;an be found as

our system model is valid for both access and backhaul layers R, = (U, 0By E [gkgm (U o By)"
In the backhaul scenario, the BS label could refer to a common — §Mo? (UL ©By) (UL @ By)" (4)
gateway and the UE label could refer to small or macro cell RATR k ’

BSs. Without loss of generality, in the following, we use thwhereé = N/L. It can be seen froni{4) that the rank Bf
terminology of the access layer. is the same as the rank &f;; © By, which is equal toL.

B. Signal Model

A. Channel Model Withi tadi block. the baseband ved sianal
Weassumeanarrow—bandbIock—fadingchanneIbetween{}%%tl)rlgt t(;]r;eBSai;ng ock, the baseband receved signa

BS and each UE, where the channels are relatively constant K
for one fading block, with duratior¥,. channel uses, and

. ° S t) = H t t), 5
they change to statistically independent values in the next y{t) 1; kxi(t) +2(1) ®)



T, wherez,; ~ CN(0,02%1,) is the thermal noise at the BS.

Ill. CHANNEL ESTIMATION

| i H D | - | D | In this section, we study the channel estimation quality for

Fig. 1: Superframe structure. “P” and “D” show pilot and da@nsmission three different pilot transmission scenarios:

phasesT. is the channel coherence tinig; is the superframe duration over o non-precoded and uncombined pilot transmisgioRuC);

which AoA and AoD remain unchanged, but the fast fading comept of . . o .

the channel changes per channel coherence Time « precoded and uncomblneo! pilot tran;ml_ss(ﬂmC), and
« precoded and combined pilot transmissi@?C).

In the nPuC baseline scenario, every antenna element of ever
wherex; (t) € CY andz(t) ~ CN(0,021x) represent the Ug sends a unique pilot sequence (typically orthogonal to
signal vector transmitted from UE and the receiver noise atother pilot sequences). PuC allows precoding of the pilot
the BS, respectively, at channel use signals at the transmitters (UEs in our case), but the receiv

As shown in Fig[1L, the signal transmission within eac{Bs) will not jointly process the signals received by ité
fading block consists of two phasgsilot transmission phase gntenna elements. Finally, PC permits both precoders and
with durationT’ and data transmission phaseith duration compiners in the pilot transmission phase. Usifiy (7) and
Tq = T. — T;. In the following, we will elaborate on these| emmall in Appendix A, the vectorized received signal in

phases. pilot transmission scenario € {NPuC PuC PC} is
1) Pilot Transmission: To estimate the uplink channel,
UE k transmits pilot matrixP; over T). channel uses. Let ) K _ o\ H .
p- be the total energy devoted to the pilot transmission by Ve¢ (Yf,k) =y (ij) vec (H;) + Wivec (Z;), (9)
each UE within each fading block, namely 7=l
tr (PyPY) = pr, k=1,2,... K. 6) where(PX))" = (V,P{)" © WY and W, = Ir, © W

. . . . I In all the three scenarios, we use minimum mean squared
UE & precodes its uplink pilots using spatial filtafy.. The efror (MMSE) estimates of the channel, assuming that the

received signal at the BS is then combined using spat o . .
filter Wy, "? order to estimate the corresponding ghaﬁneﬁpaﬂal filters are known at the BS. Usirig [24, Equation (6)]

Collectively, the filtered received signal at the BS durihg t 22?0 n'gwtg]?\/lchgtEtZestiTnegg \(;?lgr?:n?wfﬁlou;o(r:hs?:ré?grig]xat::lgis are
pilot transmission phase is ' k '

be expressed as

K
Y. =W HV,P; + WJZ,, @) K y !
j=1 vec(H,(cx)):ka’éx) Z(]:!’,(:;)) ij’g;)—i—crﬁwk vec (Ygx,)c) ,
whereZ, € CM*T- is the BS noise matrix with independent j=1

and identically distributed entries modeled esc(Z,) ~ (10)

whereP™ = p®).

CN(0,02Ir.). Note thatP, and Y., haveT, columns, k kk © . : . .
while the number of rows depends on the dimensions of the! the rest of this section, we drive the channel estimate in
spatial filtersV, and W, respectively. In the next section,eaCh _p||0t transmission scenario. Based on these derr_lmtlp
we will discuss pilot precoding and combining scenariowitV® will then _analyze a_nd compare the channel estimation
different dimensions for the spatial filters. performance in the studied scenarios.

2) Data Transmission Phasen this phase of the signal
transmission, all the UEs transmit their precoded data $Jsnb o - Non-precoded and Uncombined Pilot Transmission (nPuC)
to the BS simultaneously. The data precoding filters are
designed at the BS using the estimated channels and are fek the first pilot transmission scenario, used as a benchmark
back to the UEs through the feedback links. Each UE transmft§hogonal training sequences are transmitted from tiferelif
its data symbols inL streams overT,; channel uses with €nt UES’ antenna elements| [8]. Moreover, in this scenario,
constant average powerd/Td' where o denotes the total neither p||0t preCOding at the UEs nor p||0t Combining at the
energy devoted for data transmission by each UE within eaBf is performed. On the positive side, this scenario require
fading block. We assume that the data symbols are independ&h prior information about the channel. On the negative
and identically distributed as zero-mean circularly syriime Side, this traditional scheme requires at least'? = KN
complex Gaussian random variables. lsgte CZ represent resource elements for the pilot transmission phase, which
the data vector of UE; thens; ~ CN(0, pa/TulL). can grow large as the number of antenna elements per UE

The data vectos), is precoded before transmission usingicreases, e.g., in mmWave networks|[25]. Moreover, thk lac
the linear spatial filteF', € CV*Z. The received signal at theOf transmit/receive antenna gains reduces SNR of individ-

BS during the data transmission phase is ual pilots, decreasing the channel estimation quality,ctvhi
K negatively affects the data precoding performance of the BS
ya = ZHkaSk T2y ®) and UEs. Therefore, nPuC does not meet any of the pilot

P transmission criteria that we mentioned earlier, i.e.|aduility



and balanced data-pilot coverage. Considering the piletggn $ 22—+ ——————————— 20
constraint[(B), we have W e —o—o—o—o—o
H Lrly k=i = 4P 1 =
P](cnPuc,) (P(_nPuc,)) _ { N AN =) a (11) E é_;_#—&—n—u—u—u—n
J 0 otherwise é 6| i " " —24
(nPuQ NXKN . . . S ¢t—e—e—o—c—e—e—
whereP cC is the pilot matrix transmitted from = [, e o6
UE & in scenario nPuC. Substituting the pilot symbols[ofl (11§ —o-L=2——L=4p ) ]
and replacing the spatial filters by identity matrices[in)(102 10 ‘+L:8‘ B <,” o “"w‘t%
the MMSE estimate of the vectorized channel is 10! 102 103 10! 102 10°
R y y oL —1 N N
vec (HEC“P“Q) —R,P"9 ((PEC“PUQ) R P95 §I> (a) Network with M — 8. (b) Network with M = 1024,
y ("PuO Fig. 2: The channel estimation performance in non-precaifetiuncombined
-Vec( T ) ) pilot transmission scenario (nPuC) as a function of the remmiif UEs

(12) antennasV. M = 8 and M = 1024 represent cellular networks with small
and large number of BS antennas, respectively. The dashed tepresent

= (nPuQ (nPUQ)\ * = (NPUO | K¢ the bounds of Propositidnl 2 for the corresponding averagmalzed MSE
where Pk - (Pk ) ® L. Note that{Pk }kzl curves; however, some of the bounds are tight and can not dve isethe

inherit the orthogonality property gfP\"™9}% and there- figure.
fore the signals received from UE# k can be canceled out
in the process of channel estimation for WE

Define the estimation error matrix of scenario nPuC
H"™9 — 1, — H"™. Then, in the following proposition,
we find its covariance under the traditional non-precoded e,(g”P“Q — (1+ M) (16)
uncombined pilot transmission scenario:

Corollary 1. As N — oo (so Ry, — 1), both upper and
bwer bounds in(13) become tight in the sense that

To numerically illustrate Propositidd 2, we simulate a net-
Proposition 1. Consider the system model of scenario nPu@ork with various number of UE antenna elemehtspathsL,
Suppose that the channel is estimated with orthogonalgilaind BS antenna elementg. The channel model follow§1(1).
given by (1) and an MMSE estimator given bfZZ). The Our simulation parameters cover wide range of use cases,

covariance matrix of the channel estimation error is including
~ ~ ~ H « Access layer of traditional cellular or ad hoc networks
P P P
R™9 —k {Vec (H(“ ”C)) ec (H,(C” ”q) ] (small N, small M, large L);
B P (13) « Access layer of sub-6 GHz massive MIMO networks
= 0Moj, (U © By) . (small V, large M, large L); and
- (Ip+M¢ (Ry, oRB,)) (UroBy)", « Access layer of mmWave networks (small, large M,
hereRer — UMU. Re — BB small L); and
whereiu, = Uy Uk, BB, = By B, « Backhaul layer (largeV and M values, small or large
2 L).
_ PrOg

Cr (14)

= L,
Lo?

and the expectation is taken over the distribution of thalam
channel and the received noise.

We draw the AoAs and AoDs independently from uniform
distributions in [-7/3,7/3] and [—7/6,7/6], respectively.
The normalized MSE is averaged over 50 realizations of AoAs
and AoDs and 90,000 realizations of noise and small-scale
Proof: A proof is given in Appendix B. O fading. We considep, = 0 dB and apply the normalization
The following proposition characterizes the normalized? /o = 1 to ensure that the average received SNR at the
mean square error (MSE) in scenario nPuC as an indicaB® can be described by the pilot energy and the number of
of the channel estimation quality. antenna elements, e.g., SNRp, /N in nPuC.
Fig. @ illustrates the average normalized MS@'}P“Q as

Proposition 2. Consider the covariance of the MMSE channe| . . I :
efined in Propositiori ]2, against the number of antenna

estimation error in Propositiohl1. The corresponding notma

: ("PuQ .73 (nPuQ ; elements at UEL for M = 8,1024 (as small and large
ized MSE ¢, = tr(Ry )/tr(Ry), is bounded as numbers) and three different number of paths between the UE
1 (NPUQ + and the BS, namely = 2,4, 8. These numbers of multipath
1T M M | = €y, STEG ( components cover both sparse scattering environmentinlike
mmWave networks and rich scattering environments like in

where sub-6 GHz networks. Fid.]2 shows that increasiNigdoes

T 2 not improve the channel estimation performance of nPuC.

E;ﬂnF’uC) _ (1 —k (IL + M¢: Ry, © RB’C)) >0, The reason for this becomes clear by noting that the MMSE

4k (I + MG R, oRp,) channel estimation error is proportional to the dimensibn o
the received signal vector, i.evec (Y"™U9) € CKNM | as
well as the received SNR. On one hand, increasintinearly

and [a]" = max(a,0) for a € R.



increases the dimension of the received signal. These extiaD mode (in which the channel reciprocity principle holds)
observations, while having a constant number of unknowvhereas PuC can be used in both TDD and FDD modes.
parameters, generally improve the channel estimatioroperfNote that the number of unique pilots required by PuC does
mance. On the other hand, increasiNgreduces the receivedstill scale by the number of UEs. Moreover, due to the lack
SNR, formulated in the previous paragraph. These two effedf receiver antenna gain, it may not completely solve the
cancel each other, making the average normalized MSE almimsbalanced pilot-data coverage problem, though substgnti
independent of the number of UE anten®&sOn the contrary, alleviate it compared to the nPuC scheme.
comparing Fig[ 2(2) and Fig. 2{b) shows that adding more For mathematical tractability, we assume the availabdity
antenna elements to the BS enhances the channel estimadibperfect second-order statistics information whichwaaus
performance. This can also be related to the increase in tbegain insights about the impact of different parameters on
dimension of the received signal by increasing the numbigre network performance (e.g., channel estimation quatity
of BS antennas)/. Another observation from Fidl 2 is thatnetwork throughput). In this section, we choose the prewpdi
the channel estimation performance improves for networksatrix V, = Uy, for each UEk, which simplifies the
with sparser scattering environments (smallgr where this mathematical analysis and, at the same time, is asympgtgptica
improvement is almost linear in the large antenna reginess; ©ptimal in terms of maximizing the SNR [27]. No combining
Corollary[1. filter is considered at the BS in this scenario, thahg = I,,.
Substituting the training matrix and spatial filters of samen

B. Precoded and Uncombined Pilot Transmission (PuCc) PuC into [I0), the MMSE estimate of the channel becomes

In the second pilot transmission scenario, the pilots are ,_. o o H -1
. 1 ) ! ; (PuOQ\ (PuQ (PuQ (PuQ 2
precoded using spatial filters at the UEs. However, no pildt® (Hk ) =R.Py <(Pk ) RpP) " + UZI)

combining is performed at the BS. The channel estimation
o2 : A (PuC)

quality in this scenario depends on the statistical infdroma s vee (Yr ) ; (18)
of the channel available prior to pilot transmission. Asgugn . . . ) _
that Uy, is available at UEk, either perfectly or with some whereP{™'9 = (U,P{9)" @ Ty, {P{"9}E, inherit the
unbiased errors_[26], the spatial filters can be designed aghogonality property Oi{PECPUC)}szl, similar to nPuC, and
help focusing the pilot energy along the strongest multipatherefore the received signals from YE~ £ are canceled out
components between the UEs and the BS. Hence, precoditghe receiver in the estimation processkbf. R
the pilots boosts the SNR in the pilot transmission phase,Define the estimation error matrix m(P”Q = Hk—H,(CP”Q.
which is specially beneficial for the UEs at the cell edges. The following propositions characterize the accuracy & th

Considering that there aré < N paths between eachchannel estimation under precoded but uncombined pilostra
UE and the BS,T"'9 = KL < 7™ pilot symbols mission:
suffices for transmitting orthogonal training sequencesiyh Proposition 3. Consider the system model of scenario PuC.

all the pathEl In other words, unlike scenario nPuC, wher he covariance of the channel estimation error matrix using

orthogonal pilots are assigned to the UE antennas, the mmgﬁhogonal pilot transmissions given 7) and an MMSE
of required orthogonal pilot sequences in scenario PuC Rtimator given byI8) is

equal to the number of multipath components. Clearly, this
pilot transmission scheme leaves longer time for the datas (puc = (PuC) ~(Puo)\ M

o . . Egk =K VGC(Hk )VGC(Hk )
transmission phase, compared to the baseline scenario. nPu

This brings a significant gain for the data transmission time = 0Mo? (U © By) (19)
especially in wireless networks with small coherence tioehs . 1 "
as mmWave networks [14]. ~ (IL+6MCk (RY,) oRBk) (U;oBg)" .

Let P,(CP”C) € CLXT™ pe the pilot symbols transmitted by
UE % in scenario PuC, then orthogonality of training sequences
and the energy constrairiil (6) imply that Proposition 4. Consider the covariance of the channel esti-

{p_TIL k= mation error for UEL given by Propositiofl]3. The normalized
) =10 oten

Proof: A proof is given in Appendix B. O

H ~
P,(f”c) (PE-P“C) =1%o otherwise (17) MSE, defined as,(f”c) = tr(R,(CPUC))/tr(Rk), is bounded as

Note that although in this paper we are investigating the Amax
uplink channel estimation, pilot transmission scenaricCPu 14+ 6 M,
entails the same complexity for downlink channel estinratio o ]
In contrast, the complexity of the downlink channel estiorat WHereé Amin and A, represent the minimum and maximum
in scenario nPuC is substantially higher than that of uplifé@envalues oRy,, respectively and
channel estimation ifA/ > KN. As a result, in massive 5 \T 2
MIMO systems, the nPuC scheme is suitable only for the (PO _ (1 -k (IL + OM Gk (RUk) ORB;C))

p =

(20)

+
g JPUO) - Auin
SMG, | = % T 140MG’

> 0.

5 \T
Litis shown in[[24] that in the case of correlated channelw/ben UEK and 4k (IL + OM G (RUk) °© RBk)
the BS, the actual length of training sequence needed fornehastimation (21)
can be less than the number of transmitting antennas.



BS in PuC increases witlv. Again, similarly to nPuC, by
comparing Fig[ 3(2) and Fi§. 3{b), we can see that whén

=T oAl T

=
K=
w =5
2 _10‘ increases from 8 to 1024, a gainIiflog;,(1024/8) ~ 21 dB
3 : can be achieved.
= 15 The gain of pilot precoding in PuC can be understood by
g —20] comparing Fig[R and Fid. 3. Specifically, when the number
Y of antenna elements at both the UE and BS sides is large, say
g —— L =4 M = N = 1024, Fig.[3(b) shows 21, 24 and 27 dB lower
g 0P e =38 MSE compared with Fig. 2(p) for the curves corresponding
=35 — — , to L = 24 and8, respectively. This fact is in accordance
10 10 10 ith 2)
Number of UE antenna elemeni$ wi ’
(a) Network with M = 8. C. Precoded and Combined Pilot Transmission (PC)
—20T S T In the third scenario, in addition to precoding the pilots

at UEs, the received signals at the BS are also combined,
using the available information about the AoAs at the BS.
In this case, in addition to the gains discussed earlier for
PuC, exploiting the spatial filters at the BS, given the large
number of BS antennas, can lead to a sufficiently good spatial
separation of the UEs. Therefore, a combiner at the BS may
enable us to use non-orthogonal pilots for different UEs, if
their orthogonality can be maintained in the spatial domain

Average normalized MSE (dB)

_55 LT I L | I I A i . .
10! 102 102 Therefore, in this scenario, non-orthogonal sequencek wit
Number of UE antenna elementé 79 < KL symbols are transmitted from each antenna

(b) Network with M — 1024. elements. Without loss of generality, we consider the ext¢re

. PC 1 - ; ) .
Fig. 3: The channel estimation performance in the precodedmbined pilot Scena.rlo Oﬂ} = Lin our mat.hematlcal ana.'lySIS’ t.hat IS only
transmission scenario (PuC) as a function of the number of &itenna ON€ pilot will be used to estimate the entire uplink channel
elements.M = 8 and M = 1024 represent cellular networks with small matrix. Due to the pilot reuse, there is a contamination ef th
and large number of BS antennas, respectively. The dashed tepresent : ; e af ; ; imi
the bounds of Propositidnl 4 for the corresponding averagmal@zed MSE pllOtS at the BS .Slde' Thls. 5|tu§1t|on '.S similar to a multll-cg
curves. network where pilot reuse in neighboring cells causes tlo pi
contamination problem. Notice that scenario PC addresses t
pilot contamination problem, though we have a single cell
Corollary 2. As N — oo (so Ry, — 1I.), both network setting. We then show with numerical analysis that
upper and lower bounds in20) become tighter, and using 7°¢ > 1 orthogonal pilots brings improvement in the
ekpuc) — (14+ M)t channel estimation performance at the expense of havisg les

time for the data transmission phase. Notice that, sinyilerl

Corollaries[1 and]2 characterize the estimation error E"uC, pilot transmission scenario PC enables the realizatio

scenarios nPuC and PuC, respectively. In particular, Wh%nassive MIMO using both TDD and FDD schemes, as the

N — oo, pilot precoding can improve the channel est'mamo(';]hannel estimation complexity grows only with the number
error by a factor of

of paths, rather than with the number of antennas, which is
1 a useful property for both UL and DL pilots. Altogether, PC
3 (22) with 1 < TP < KL pilots is a promising option that not

only scales well with the number of UEs but also eliminates
where the equality holds if\/(; is sufficiently large. The the imbalanced pilot-data coverage problem.
proof of (22) is a straightforward application of Lemrbh 5 We assume thall;, is available at UEk and all theUy’s
in Appendix A. andBy’s are available at the BS either perfectly or with some

To numerically evaluate the performance of channel estinbiased error. In the rest of this section for the sake of

mation using PuC, we use the same simulation setting msthematical tractability, we assume that the knowledgeitb
the one used in Fid.]2. The average normalized MSE atlte AoAs and AoDs at the BS and UEs is perfect. Later, using
the corresponding bounds, as computed[in (20), against thenerical simulations, we investigate the effect of impetf
number of antenna elements at the UEs are illustrated ifBrigknowledge about AoAs and AoDs on the performance of
for three different values of, namely L = 2,4,8. As the the network. Exploiting the available information aboue th
figure shows, unlike nPuC, increasig significantly boosts channel, similarly to PuC, the pilot precoding filter at BGE
the channel estimation performance. Moving frovh= 8 to is designed a®/; = Uy. Moreover, recalling that the main
N = 1024 reduces the estimation error by around 20 dRibjective of this paper is to characterize the gains of pilot
The reason is that in PuC, as grows large, the energy precoding/combining rather than finding the optimal pressd
transmitted through the paths between the UEs and the BS&d combiners, we design the combining filter for WEas
increases. Therefore, unlike nPuC, the received SNR at té, = B,.

I e,(f”C> 1+ MG
Nooso PG T T M

>



Substituting for the spatial filters if](9), the receivednsil
in scenario PC is

Inter-UE Interference —30H

where (P{79)" = (U;P{"9) " @ BY with PP e CcLx7" ~35 1= - ———1
being the pilot matrix transmitted from UE

. . . . . Number of UE antenna elements N

Unlike the two previous scenarios, in Pfilot contamina-

tion is inevitable due to non-orthogonal pilot transmissions. | () Network withM = 8.
fact, pilot contamination may contain two parts: the irgerf T
ence from pilots transmitted from the antenna elementseof tiyl
same UE, calledntra-UE interference and the interference =
from the pilots transmitted from other UEs, calleder-UE
interference Note that, in the case of multicell networks,
the interference from the UEs in other cells, calleder-
cell interference can also contaminate the received pilots
The pilot precoding used in this scenario is beneficial fo

)

RS
(L/u) -5

5 H

vec(Yf,?):(P,(cpc)) vec (Hy)+ (I®BY) vec (Z,) -i —10
L S 15

5 (Po)\ (23) &
+ Z (ij ) vec (H;), £ 20
j=1.j#k o —25l

g

S

<

(dB)
|

lized

erage normal

boosting the link budget and reducing the inter-UE intenfiee £
while the pilot combining mitigates both inter-UE and inter 10! 102
cell interferences. Number of UE antenna elements N

Define the covariance matrix of the inter-UE interference

term and the covariance of the received signal without inter o _ . .
. . Fig. 4: Channel estimation performance in the precoded antbined pilot

UE interference respectlvely by transmission scenario (PC) as a function of the number of Bigenna
elements withl’; = L andT’- = 1 training lengthsM = 8 and M = 1024

represent cellular networks with small and large number 8f &tennas,

K
H
o) 5 (PC 5 (PC
Q= Z (chj )) RjPEc.j ’ (24)  respectively.
=1,k

o H o
Q. = (PFO) ReP? +0 12 Rp,). (25

(b) Network with M = 1024.

_ _ _ power under a desirable threshold. Finding the minimum
It is now straightforward to show that the MMSE estimate qiumber of orthogonal pilots for a given maximum power of
the vectorized channel in this scenario is the pilot contamination is an interesting topic for futurerks.
I’_i(PC)) —R,pO L0 -1 (Y(Pc))_ 26 We use the same simulation setting as that of Elg. 2 to
Vec( k WP (Qu o Qr) e (Yo, (26) analyze the performance of PC. However, in this scenario,
Letﬁ}iPC) _ Hk_ﬁ](QPC) be the error due to estimating channe‘?‘" the U_Es are tr_ansmlttlng the same pilot symbols, which
H, in the PC scenario. Then, leads to mte_r-UE mterfer_ence at th_e BS. WHEn> N, the
orthogonal pilots are assigned to difference antenna eltme

RPO _ g {Vec (ﬁ(PC)) vee (ﬁ(PC))H} of one UE to avoid intra-UE interference. Wh&h < N, the
g g g (27) intra-UE interference is inevitable and, in the extremeecas
< =\l /(5 H henT,. = 1, all the antenna elements of UEs transmit the
— R, - R,PY L(PP) Ra when s = L, .
Ri — RiPy (Qk + Qk) k Ry same pilot symbols, and therefore interfere at the BS. Fer th
From [2T), we have the following useful corollary: sake of simplicity, we also assume that all the UEs are ldcate

at the same distance from the BS and therefore experience the

Corollary 3. In PC, the pilot contamination caused by inter . path loss.

UE and intra-UE interference tend to zero, when the number _. . . .
antenna elements at the BS and UEs grow large, respectivelx!:'g' 4 illustrates the average normalized MSE against t_he
number of antenna elements at the UEs for a network with
Proof: A proof is given in Appendix B. [0 K = 2 UEs. This figure manifests similar behaviors as
Corollary[3 implies that the combiner substantially reducef Fig. [3, such as better channel estimate with highgr
the pilot contamination term, and asymptotically makegibz higher M, and lower L. Moreover, comparing Fig[ 4{a)
It is straightforward to show that Corollafy 3 holds also foto Fig.[4(b) reveals that more antenna elements at the BS
multicell networks, and only one pilot in the asymptoticireg increases separability of different UEs in the spatial doama
is enough for channel estimation in the entire network. so makes it possible to use smaller number of unique pilats fo
In the non-asymptotic case, using more orthogonal pilats pe given power for the pilot contamination term. In particula
UE allows to reduce the number of antennas contributing wdth M = 8, the inter-UE interference term of the pilot
the pilot contamination term and to maintain the UE’s tralhsncontamination is so strong that additional interference: tue
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Fig. 5: Channel estimation performance in the precoded amtbined pilot  Fig. 6: The impact of pilot energy and number of transmittédt symbols on
transmission scenario (PC) as a function of number of UE&éncell. the channel estimation performance in the three pilot tméssion scenarios.

. , o IV. DATA TRANSMISSION
corresponding SINR loss due to pilot reuse within one UEI hi . dv th f1h ol
(namelyT, < L) may not be tolerable and leads to substantiaL nt 'T iectlon, Wehstu y the s(;lmr-]rateg the rr]nu t'pl? i\cgess
loss in the performance of channel estimation. Howeverpwh&"@nnel between the UEs and the BS in the uplink data
M = 1024, the inter-UE interference term is almost negligible@nSmission phase. Denoting the transmitted signal vexto
making intra-UE interference tolerable for a given minimun’E ¥ Y Xk = Fisi., (8) can be equivalently written as

SINR threshold for the received pilot signal.

K K K

The pilot contamination effect on the channel estimation¥® — Z Hixp + 24 = Z Hyxy, + ZHkxk T 2Zd; (28)
performance is investigated in Figl 5. This figure illustsat =1 k=1 =t
the average normalized MSE against the number of UEs in Zeft
the cell for a network with\/ = 128, N = 32 and L = 4. whereze is the effective noise at the BS which combines the
For the sake of simplicity, all the UEs are located at theceiver noise and the residual channel estimation errors.
same distance from the BS and therefore experience the sam@ the following, we first present the performance metric
path loss. The AoDs and AoAs are drawn independently fronsed for the performance evaluation of the network. Subse-
uniform random distributions it /6, 7/6] and[—7/3,7/3], quently, we study the precoding methods that are used in the
respectively. The results are averaged over 50 different @ata transmission phase.
alizations of AoAs and AoDs. Two pilot sequence length,
namely T, = 4,1, are considered in this figure. In the CaS8  performance Metric
of T, = 4, no intra-UE interference exists, and only the inter-"
UE interference degrades the channel estimation perfazenan Although the optimal distribution ofx;, };*_, is not known,
when K increases. However, whefi, = 1 both intra-UE using [28), the following lower bound for the sum-rate of the
and inter-UE interference contaminate the pilot symbolitvh Network can be found a5 [28]:
leads to at least 5 dB poorer performance compared to the case T, K R
whenT, = 4. r=oE [log det (IM +R,} ZHkakHZﬂ . (29)

Fig.[8 shows the average normalized MSE against the total ¢ k=1
pilot transmission power using the same setup as in [Big.whereRx, andR,, are the covariance matrices gf and
when there arek = 2 UEs in the network. According to zer, respectively, and are defined as
this figure, pilot precoding withV. = 32 can achieve the
same estimation error as nPuC with almost 5 dB less power.
Alternatively, for a given total pilot transmission poweilot
precoding can improve the estimation error by 6 dB compared K N B
with the conventional nPuC. Moreover, the performance of R,,, = E [zezf;] = ZIE {HkakHZ} +o2Iy. (31)
PC with only 4 orthogonal pilots is almost identical to that k=1
of PuC with 64 orthogonal pilots. In other words, these
16 x shorter training length allows channel estimation &. Data Precoding
substantiall_y higher number of UI_Es within the same cohege_nc For a single link MIMO network, when only imperfect CSI
budget, while also leaving more time for the data transmissi js o\ ajlable at the transmitter, it is shown that the eigetors

Therefore, in PC we expect a boost in the achievable rate Wiy channel estimate covariance matrix represent thimapt

4 orthogonal pilots compared to that of PuC. transmit directions[[29, Theorem 1]. More specifically, the
So far, we have analyzed the channel estimation qualjlyecoder of UEEL is designed in a way that its signal is

of three pilot transmission scenarios. In the next sectiem, transmitted in the direction of the right singular vectofs o

investigate their effects on the achievable data rate. the estimated channel matrH ;. For the sake of simplicity,

Ry, = E [x1x}/] = F4E [sis)] FY = %FkF? , (30)
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Fig. 7: Spectral efficiency as a function of normalized pistergy pr = ) ) )
pr/(pr + pg), M = 128 and N = 32. The maximum of the curves are Fig. 8: Impact of number of antenna elements on the optiniat phergy and
marked by circles. maximum spectral efficiency whepy, + pg = 4.

Normalized pilot energy-

(b) Total energyp, + pq = 0.5.

we choose to allocate equal powers to different eigendmest scenarios; see Fidl 6. Acquiring more accurate CSI, better
for all three pilot precoding scenarios. Note that consider precoders can be designed for the data transmission phase.
optimal power allocation does not change the insights thabwever, since the total energy is fixed, increasing thet pilo
we gain from the comparative performance analysis of thisergy leaves less energy for the data transmission, kgadin
paper, but complicates the mathematical analysis; see [29]a well-known trade-off between the amount of energy
for the optimal power allocation algorithm. Formally, dé®o gjjocated to pilot and data transmissién![11]. This trafféso
the eigen-value decomposition &, by Rx, = FrAvF}' jilustrated in FiglY for three pilot transmission scenarierom
and that of Hj'H), by H'H, = E,X,E}. Here, we set poth Figs[7(@) anfl 7(b), PC and PuC always lead to higher
Fr = Ex and Ay, = pa/(T4L)T whereTy is a diagonal spectral efficiencies than the conventional nPuC. Morearer
matrix whose first diagonal elements are one and the reghaximum spectral efficiency that PC can reach is higher than
are zero. Comparing the designed covariance matrix of th@C, though PuC has a better channel estimation performance
data signal with the one iri.(80), the data precoding matréee Fig[. Another observation from Fig. 7 is that the optima
corresponding to UE is found as pilot energy of PC and PuC are substantially smaller thah tha
of nPuC. Indeed, by pilot precoding and combining, a minimal
Fi. = \/IFkTL — \/I E.T; . (32) amount of pilot power that is allocated to a few (possibly
L L one) pilot symbolsl’; = 1 may lead to a very high spectral
Figs.[7 andB show the spectral efficiency of a netwosficiency. Moreover, increasing the total energy shiftssth
employing the aforementioned data precoding method. ®ptimal points to the left, implying that a smaller fractioh
these simulations, we assume that the channel estimatiorihig total energy needs to be allocated to the pilot transoniss
performed according to the scenarios presented in Sedfion Phase.
We consider a cell withX' = 2 UEs located at the same Fig.[8 shows the optimal pilot energy and the corresponding
distance from the BS, where the AoAs and AoDs are setaximum spectral efficiency against the number of antenna
similarly to the ones in Figl]2. We also assume that eaefements. From Fid. 8(a), the optimal pilot energy decrease
coherence block has lengfli. = 128 channel uses and thewith A in all three scenarios. On the contrary, the UEs with
number of paths between each UE and the B§ is 4. larger number of antennas need more pilot transmissiomggner
As we increase the pilot transmission enepgythe channel to reach the optimal performance (this can be observed by
estimation performance improves in all pilot transmissiocomparing solid lines to the dashed ones). This increment
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. h higher i PuC th th h | | ABLE II: Minimum number of unique pilots needed in the pitohnsmission
IS muc Igher in nFu an other schemes. In general, se. “UL” and “DL" stand for uplink and downlink, respeefy.

optimal pilot energy in PuC and PC is less sensitive to the

changes ofM or of N. Fig.[8(b) presents the maximum nPuC | Puc | PC
spectral efficiency againgt/ when N = 32. From this figure, N, M < o0 KN | KL | KL
employing either PuC or PC for pilot transmission signifityan UL pilots N—oo,M<oo | KN | K | K
improves the maximum spectral efficiency compared to the N<oo,M—oo | KN | KL | L
conventional nPuC. In particular, the improvement is atbun N —=oo,M =00 | KN | K 1
80% with only 128 BS qntenngs. N.M < oo M | KL | KL
T_he following proposmon gives a Iower bound for the_ _ N o oo M < o0 v kL L
achievable sum-rate using the afore_m_entloned da_lta pregodi DL pilots N <o M o > o T &
method and different pilot transmission scenarios of Sec-
tion [T N — oo, M — M K 1

Proposition 5. Consider the pilot transmission scenatioc
{nPuC PuC PC} and uplink data transmission using the data

precoding filter of (32) for UE k. Assume thafU};_, and entire network can be done with a single pilot symbol.
{B}K | are perfectly known. I/, N — oo, then

LT, pa ZK_ o2 Corollary[8 suggests that although we have considered a
r> log <1+ M;’ﬁ ) (33) single-cell scenario throughout this paper, our insights a
T Lo valid in a multicell scenario, especially in the large amign
Proof: A proof is given in Appendix B. O regime. In fact, all the interference components in thetpilo

. . transmission can be rejected either at the transmitter or at
Corollary 4. For given budgets of coherence tiffigand total the receiver. In particular, froni{R3), the transmitter ezla

energyp- + pa, the lower bound_ irg33) is maximized when intra-UE interference, and the receiver cancels out ibter-
pr — 0andTy/T. — 1 (or equivalentlyT, = 1).

interference (which can be readily extended to the int#r-ce
Corollary[4 implies that in the large antenna regime, amongterference). Notably, PC allows using fixed-length piet
the three pilot transmission scenarios, only PC can reaeh fuences (almost) independently of the number of MU-MIMO
maximum spectral efficiency. users. As an extreme case, a single pilot symbol can be used
by multiple UEs. In real life deployments, even though sglati
separability based on channel covariance matrix knowledge
Equation [(8) implies that the vectois(¢) or u(¢) with s possible in PC, multiple antenna UEs benefit from code
differentd create an asymptotically orthonormal basis, whicQomain separability among pilot signals used to estimate th
can be used as orthogonal spatial signatures. More inter@$fannel of the different UE antennas. However, when the
ingly, asymptotically, there are infinitely many such sp&ti nymper of antennas at the BS grows large, full reuse of the
signatures (realized by changiély This leads to an interestingsame pilot sequence among the UE antennas is possible. This,

and practically relevant consequence of pilot precodind ag, tyrn, maximizes the number of symbols available for data
combining: maintaining orthogonality of pilots in the st tra3nsmission.

domain instead of code domain becomes possible. To appre- ]

ciate this aspect, we recall that in MU-MIMO systems with 10 generalize Corollar{15, Tablel Il shows the number of
single antenna UEs, the orthogonality of pilot signals mu¥fique pilots that the three pilot transmission scenariedn

be maintained in the code domain to avoid intra-cell pildf‘ different network settings. This table also includes ¢hse
contamination effects. Therefore. there is an inherertetra ©f downlink pilot transmission. From this table, it is clear
off between the number of symbols spent on constructing tH&t the training sequence lengths required in PC and PuC
pilot sequences and the number of symbols available for d&¢ Substantially smaller than that in nPuC. The minimum
transmission, as illustrated by FIg. 7. Due to the propogied p "Umber of unique pilots in both nPuC and PuC scales up with
precoding schemes, this trade-off can be relaxed by cgaatme number of UEs; whereas there are situations in which

pilot signal separability in the spatial domain. We have tHgC may need a constant number of pilots independently of
following conceptually important result: the number of transmit antenna elements or the number of

UEs. Specifically, when the number of receive antendds (

Corollary 5. Consider the channel model iff). Suppose jn yplink and N in downlink) goes to infinity, a maximum of
that there are a limited number of paths between each UE pjiot sequences is enough to handle the channel estimation
and its serving BS and that the second-order statistics a#¢ the entire network, irrespective of the number of UEs or
perfectly known. Let either the number of BS antenh&®r Bss. Also, note that large values of can model wireless
the number of UE antennas tends to infinity, then 1) the pilot packhauling use cases. Moreover, this table illustratets tor
contamination problem disappears, 2) a multi-cell netweatk example, asV — oo and M < oo), PuC may benefit from
be modeled by multiple uncoordinated single-cell networlg,?,”nk pilots whereas PC may benefit from downlink pilots.
with no performance lofs and 3) channel estimation in theThjs disagreement indicates that employing pilot precgdin

°Note that inter-cell coordination may still bring gain toethesource and combining may relax the usual system design constraint
allocation performancé [30]. of always relying on the uplink pilots for CSI acquisition.

V. FURTHERDISCUSSIONS
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V1. CONCLUDING REMARKS AND OUTLOOK The Khatri-Rao product oA of size M x L and B of size

The performance of MU-MIMO systems heavily dependent¥ < L is defined as
on the quality of the acquired CSIl. The UEs can facilitate _IIA B A B
the acquisition of high-quality CSI if they, contrarily tohat AoB=[A],®Bl, ... [AL,®[Bl,]. (36

commonly assumed, exploit the multi-antenna capabilities | emma 1 (Vectorization lemma [31])For any three matrices
this paper, we showed that UEs can precode pilot sign§s B, and C with appropriate dimensions, we have
to drastically improve the quality of the CSI at the BS,

which in turn improves the spectral efficiency during data vec(ABC) = (CT ® A) vec (B). (37)
transmission. Moreover, the CSI further improves if pilot
precoding is carried along with pilot combining at the BSeThLemma 2 ([31]). Consider matrices\ € CV**, B € CH*?,
aforementioned gains are more prominent when the chanrfels C"** and D € C5**. The following equalities always
are sparse and the BS and UEs are equipped with a lafgdd:
number of antennas, both hold in mmWave networks.

The insights of this work suggest a further development of (A®B)(CoD)=(ACOBD),
the following major research questions (Co D)H (A®B)=(ACO BD)H ,

« The MMSE channel estimation used to obtain the esti- (CoD)"(CoD) = (c"c)o (D"D) .
mated channel in[{12) (which is then used throughout
in Section(T1) inherently depends on exploiting side inkemma 3. For any positive definite matriA € CV*
formation lying in the second-order statistics (covarg@anc N 2 N
matrices) of the channel vectors. As noted.in [18], the role 1 < tr (Afl) < (1 +rK (A)) Z 1
of covariance matrices is to capture structural informmatio Qi - 4k(A) — ;i
related to the distribution of the multi-path AoA at
the serving BS. Therefore, imperfect knowledge of th&herea;; andx(A) are diagonal elementand the condition
channel covariance matrices entails channel estimatiBimber of matrixA, respectively.
errors that result in precoding errors. _ Lemma 4 ([32]). For any two positive semi-definite (PSD)
« Since .pllot prepodlng_lpcreases the spatial separa‘uon WbtricesA € CVXL andB ¢ CLxM
UEs, it potentially mitigates the affects of pilot con-
tamination by employing low rate multicell coordination Amin (A) tr (B) < tr (AB) < Apax (A) tr (B)
techniques proposed in, for example,/[18]. This is because
the method proposed in [18] achieves better results if tHd1ere Amin (A) and Amax (A) are the smallest and largest
paths of different UEs do not overlap. In the asymptotigigenvalues of, respectively.
regime, if either the number of BS antennadgs or
the number of UE antennaSyg tends to infinity, pilot
contamination disappears since the UEs become perfectly l+a

i=1 =1

Lemma 5. For any two real value$) < a < b, we have

a
> . 38
orthogonal in the AoA domain. Thereby, a multi-cell net- 1+b6 0 (38)
work can be modeled by multiple uncoordinated single-
cell networks with no performance loss. APPENDIX B: PROOFS

« Although in this paper we considered the case of UL
pilot and data transmissions, the concept of precod@‘d Proof of Lemmal3
pilots in PC and PuC can be employed for DL pilot The upper bound is given in [33], and the lower bound can
and data transmissions as well. As noted earlier, DL pilbe obtained by the Cauchy-Schwarz inequality. In particula
precoding can be useful in FDD systems. let e, € CV be the standard basis vector (with 1 in itsh
entry and O otherwise). Then,
APPENDIXA: PRELIMINARIES 2 (a)
In this subsection, we give preliminary linear algebra to 1= (ef\/KV A_lei) < (efAe;) (ejA'e)
prove the results in Appendix B. 1

— < [ATY]
Definition 1 (Products[[31]) The Hadamard product of any [A]; SE

two arbitrary matricesA and B, of the same size, is definedyhere (a) is due to the Cauchy-Schwarz inequality. The lower
as bound will be proved by summing both sides of the second
[AoBJ,; =[A],;[B],; . (34) inequality overi.
The Kronecker product oA of size M x N and B of any
arbitrary size is defined as B. Proof of Propositio L
(A, B ... [A];yB
A®B= : : . (35) oPuG (oPug\H P
= (NPu = (NPu T
[A]M,l B ... [A]M,N B Pk (Pk ) = NI . (39)

From [11), it is straightforward to show that



f{,(cnqu =E [Vec (ﬁ,(cnqu) vec (ﬁ,(énpuo)H}

:Rk _ ka,ECnPuC,)

. f,(nPuC) HR f,(nPuQ 02171 f,(nPuQ HR
(PI7) RaP (™ 1 o21) (B70) R

No2 \ !
=R, — Ry (Rk-l- i ) R

pe

Y u: By <# (U @ By)" (UL @ By)

1
+
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Now, the covariance matrix cﬁ,(cnpuq can be expressed as D. Proof of Propositiori B

Similar to proof of Propositionl1, we form the covariance
matrix of H{ "7 as

f{,(cpuc) =K {Vec (In-i,(cpuc)) vec (ITIECPUC))H}
=Ry, — R, P9
) ((f,](cpuq)HRkp](quc)+U§I)—1(p](€puc>)HRk
2

a g 9
WsMo? (U © By) (W (U; @ B)" P
k

1
(U; @ By)"

71 . H
1) (UieBy", (p0) Wi oy +1)

5Mcri

where (a) is valid due td_(39) and (b) holds by substitutinWhere (2) follows by replacing faR,; from () and applying

for Ry, from (@) and applying matrix inversion lemma. Th e matrix inversion lemma. The proof completes by noting
proof will be completed using Lemmia 2 and after some

straightforward algebraic manipulations. ¥ Y H .
g g p P;Puq (PI(CPUC)) _ Pf (Ui o T)( z®I)H ’

and applying LemmaAal2.
C. Proof of Propositiof 2

First, we note that E. Proof of Propositiof ¥4

First, consider that almost surlyJ; has linearly indepen-
dent columns, therefore it is straightforward to show that
(40) (Ur® I (U; ®I) = I. Hence we can write

~ T
tr (Rgfuo) —tr (( o1 Q) ((U;; ® 1)“) )
where (a) follows from the commutative property of trace @ tr (Qk (ng ®I)_1) ,
and after applying Lemmia 2 and (b) holds sir&y, ];, =

[Rp,J; =1fori=1,..., L. N . whereQ; = (U @ I) RIP"? (U7 @ 1) and (a) holds due to
Now, we are ready to prove Propositibh 2. Using Proposiommutative property of trace.

tion[1, the normalized channel estimation error is caledat

as

tr (Ry) = tr (5La,3 (U1 ©By) (UL ® Bk)H)
@ SMo} tr (R%k oRg,)
Y smotrL

Now, since bothQ; and (RITJk ® I)_1 are PSD matrices,
we can use Lemmig 4 and write

tr (Qk) | 1 2 tr (Qr) |1
b () e S g S ) min (42)

e](cnPuQ =tr (f{,&npuq)/tr (Rg)

(1 !

< —tr((L+MGRE, oRe,) (RE, oRp,)) (4) where

_ L1 T oRp,)

=i (1 Ltr((ILJrMCkRUkO B,) )) ) Amde 2 Amin ((RE,C ® I)il) = (Amax (Ru,))

(>

_ AL 20 (RE @17 = O (Ru,) L
where (c) follows after substituting fomr (Rx) and R{"""° e (( v, ©1) ) ( (Ru.))
from (40) and [(IB), respectively and applying Lemima 2.

Considering that foi = 1.,.... L Moreover, by taking the same steps as in proof of Proposi-

tion[2, it can be shown that

f+ MGR, o, =1+ MG, I il T S S R
1+5M<k 5M<k _tI‘(Rk)_l—F(sMCk '
and applying Lemm&l3 on the trace at the right hand side

of (47) along with the fact thaetg’p“Q > 0, the bounds in[(15) By combining the results froni_(#3) and_{42), the proof is
follows after some straightforward algebraic manipulasio  completed.



F. Proof of Corollary[3

First note that wherd/ — oo, BHB; = 0 for j # k. Now,
by substituting forR; and f’,(;c) into (24) from [4) and the
line after [2B), respectively and then using Lempla 2, it &
straightforward to show thdim;_,.. Q. — 0. This implies
that the inter-UE interference tends to zero when the numb&
of BS antennas grows large.

In PC, the non-orthogonality of the pilot sequences trans-
mitted from different antennas of a UE leads to intra-UES3I
interference at the BS. HowevdRy, — I, when N — oo, [14]
implying that the precoded pilots are transmitted through t
L paths without interfering with each others. Therefore the
intra-UE interference tends to zero when the number of
antennas grows large.

[10]

[16]

G. Proof of Propositio 15

Note that as\/, N — oo, ﬁ;ﬂx) — 0forx = nPuGPuC and [17]
PC according to Propositidni 2, 4 and Corollaly 3, respelgtive
Therefore, independent from the pilot transmission séenar
in the large antenna reginR.,,, = o2I,,. Substituting for [18]
R,.; = 021, and moreoveRy, andF, from (30) and[(3R),

respectively, in[(29) yeilds [19]
0 K
d d
r =—1I [logdet | I + b)) [20]
T. g M TyLo? ; k
K
( [21]
> Logdet Iy + =22 Y E[S) (44)
c TdLO'Z 1 [22]
LT, PaY i1 OF
= log | 1+ T L_2 ,
c a0z [23]
where (a) is due to Jensen’s inequality. [24]
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