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Impact of General Channel Aging Conditions on
the Downlink Performance of Massive MIMO

Anastasios K. Papazafeiropoulddember, |IEEE

Abstract—Recent works have identified massive multiple-input- up by 1-2 orders of magnitude under the same time-frequency
multiple-output (MIMO) as a key technology for achieving resources. This scientific area is motivated by the regultin
substantial gains in spectral and energy efficiency. Additinally, gains stemming from large channel matrices, i.e., theragisi

the turn to low-cost transceivers, being prone to hardware dvant due to th toti frand trix the 8
impairments is the most effective and attractive way for cos advantages due to the asymptotics of random matrix thedry [

efficient applications concerning massive MIMO systems. Ithis ~ Specifically, by allowing the number of BS antennas tend to
context, the impact of channel aging, which severely affestthe infinity, small-scale fading and thermal noise average ast,
performance,_i_s investigated herein by considering a _geneh'zed well as the analysis is simplified.

model. Specifically, we show that both Doppler shift because Notably, the channel state information (CSI) is pivotal to

of the users’ relative movement as well as phase noise due to .
noisy local oscillators (LOs) contribute to channel aging.To the performance of such systems that take into account for

this end, we first propose a joint model, encompassing both multi-user MIMO (MU-MIMO) [9]. Thus, recognizing the
effects, in order to investigate the performance of a masstv need for a realistic study with imperfect CSI, we focus on an
MIMO System based on the inevitable t|me'Vary|ng nature of |mp0rtant factor_phenomenon, be|ng present |n t|me_\v®’y|

realistic mobile communications. Then, we derive the detenin- . - .
istic equivalents (DEs) for the signal-to-noise-and-inkderence channels, that deteriorates the quality of CSI availablthat

ratios (SINRs) with maximum ratio transmission (MRT) and BS in time-division-duplex (TDD) systems. Our considera-
regularized zero-forcing precoding (RZF). Our analysis no only tion includes TDD systems and not frequency-division-eéxpl
demonstrates a performance comparison between MRT and (FDD) systems, since the application of the latter in massiv
_th': utr_lder theset_ conditior(;_s, btuht m?fst timpfortantly, iL_{eVeag MIMO systems is meaningful only when the channel matrices
Interestin roperties regarain e effects or user mooity an : :
phase ngis%. FI)n particglar, tr?e large antenna limit beyhavio are sparse []E] _Thls phenomenpn, known ahannel aging,
depends profoundly on both effects, but the burden due to describes the mismatch appearing between the current end th
user mobility is much more detrimental than phase noise even estimated channel due to the relative movement between the
for moderate user velocities £ 30 km/h), while the negative users and the BS antennas in addition to any processingdelay
il\r/lnpact of phase noia?'\i/lsonote\;vorthy at Lower be;Obility c_ondiibnsr. In other words, it models the divergence occurring betwhen t
oreover, massive systems are ravoranle even In genera : :
channel aging conditions. Nyevertheless, we demonstrateghthe channel.estlmate used in thg precoder/detector, and theeha
transmit power of each user to maintain a certain quality of OVer which the data transmission actually takes place.
service can be scaled down at most by/M (M is the number Although the significance of channel aging due to user mo-
of BS antennas), which indicates that the joint effects of pase pility, its effect on the performance of massive MIMO system
noise and user mobility do not degrade the power scaling law, ha5 not been addressed adequately as few studies on this area
but only the achievable sum-rate. . I .
exist. In fact, only the user mobility has been considereithas
Index Terms—Channel estimation, TDD systems, massive gnly channel aging cause [11]=]18]. Basically, channehggi
“"rie“ggdiEOpp'er shift, hardware impairments, phase noise, Inear a6 t9 only user mobility was the focal point in [11], where
P g an application of the deterministic equivalent (DE) anizlys
was presented by considering linear techniques in the kiplin
|. INTRODUCTION and downlink in terms of maximum ratio combining (MRC)
The increasing demand for wireless services and higher de&tector and maximum ratio transmission (MRT) precoder, re
volume per area has brought to the research forefront of beipectively. Further investigations have been performd4h
the scientific community (e.g., the METIS project [2]) ané thwhere more sophisticated linear techniques are employed, i
standardization bodies a new technology known as massiwéimum-mean-square-error (MMSE) receivers (uplink) and
multiple-input-multiple-output (MIMO) network$ [3][[4]The regularized zero-forcing precoders (downlink) are comsd,
keystone of this concept, currently considered for thegitesiand a comparison between the various linear transceivhr tec
of next generation wireless networks [5]-[7], is based at thniques is performed. Moreover, in_[15], the optimal linear
the numbers of base station (BS) antennas and users ard so#eeiver in the case of cellular massive MIMO systems has
Coovriaht 2015 IEEE. P | i erial ismited been derived by exploiting the correlation between the nhhn
Howoe?/yerrl,g per(r$1)ission to use thiirsncﬁ)gferigls?of anylsotrr?ee; e&ipiﬁnl?:?bé eStlmaFeS and th_e interference from othgr cells, Wh"_e 6,[1
obtained from the IEEE by sending a request to pubs-peronis@ieee.org. the uplink analysis of a cellular network with zero-forcifrti)
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of BS antennas has been provided. severe contribution to the degradation provoked by phase
In general, hardware undergoes several types of impaipise, which could be partially avoided in conventional MOM
ments such as high power amplifier nonlinearities and I/§ystems, where more expensive hardware with less induced
imbalance [[10]-[37f. These hardware impairments can bphase is affordable. Hence, the larger the number of angenna
classified into two categories. In the first category, théade, and the corresponding employed LOs, the larger the impact
describing the hardware impairments, is multiplied witle thof phase noise. Thus, in the case of massive MIMO systems,
channel vector, and it might cause channel attenuations ahds a dire necessity to study the impact of channel aging
phase shifts. In the case of slow variation of these impaitsje induced by phase noise. Furthermore, motivated by the nieed o
they can be characterized as sufficiently static, and thars, employing low-quality RF elements (e.g., oscillators) ¢oist-
be assimilated by the channel vector by an appropriatengcaleffective construction of large BS antenna arrays, it iseexgd
of its covariance matrix or due to the property of circulathat the phase noise will be more severe in a massive MIMO
symmetry of the channel distribution. Note that this factaetting. In particular, the large number of antennas rediase
cannot be incorporated by the channel vector by an apptepribeen partially investigated [28]-[B0]._[37]. Specificaliye
scaling of its covariance matrix or due to the property gfhase noise has been taken into account for single carrier
circular symmetry of the channel distribution, when it chas uplink massive MIMO by considering ZF and time-reversal
faster than the channel. Focusing on this scenario, wedeclUMRC in [37] and [28], respectively. Regarding the downlink,
in our analysis the phase noise in the case which results todn effort to address the effect of phase noise, being of great
accumulation within the channel coherence peridd [22]]{28mportance in massive MIMO systems, has taken place only
[30]. Given that additive transceiver impairments are et in [30]. However, the analysis therein does not accountdst f
dependent, we have not included them in our analysis [28ine-varying conditions due to the mobility of the users.

[29], [31]. In this paper, we provide a novel realistic CSI model that
Hence, deeper consideration reveals that user mobilitgtis R3jjows studying channel aging thoroughly by means of the
the only source of channel aging. Interestingly, the urdaille  simultaneous impact of user mobility and phase noise at
phase noise, being one of the most severe transceiver impafe LOs. Taking into account that next generation wireless
ments|[32], contributes to the further degradation of tretesy  systems need to be cost-efficient, implying that real system
performance due to channel aging because it accumulaigsy include low-quality RF elements with more imperfection
over time. Ideally, local oscillators (LOs), used duringe thmakes the significance of the proposed model in describing
conversion of the baseband signal to bandpass and vice;veffe ineluctable time-varying nature of realistic scersrie-
should output a sinusoid with stable amplitude, frequengifarkable. Under these conditions, we analyze the downlink
and phase. Unfortunately, the presence of phase noisepésformance of a massive MIMO system with imperfect CSI
inevitable due to the inherent imperfections in the CIWJlt using linear precoders (MRT and RZF) To this end, we invoke
of LOs that bring up to the sinusoid a random phase drift. fsndom matrix theory (RMT) tools, and we derive the DEs
lot of research has been conducted regarding phase noisgaymptotically tight approximations as system’s dimensi
conventional MIMO systems. In fact, a big part of the literat increase). Actually, these approximations agree with Emu
has dealt with multi-carrier MIMO systems that employ Ofjon results as has been already shown in the literatuir§lIg],
thogonal frequency-division multiplexing (OFDM)_[33]-8B [14]. As a result, these deterministic approximations meake
For example, in[[34], the signal-to-interference-andseeiatio |engthy simulations unnecessary. Furthermore, as far aseph
(SINR) degradation in OFDM is studied, and a method tQoise is concerned, we address two system arrangements: a)
mitigate the effect of phase noise is proposed. [Inl [22], & BS antennas are connected to a common LO (CLO), and b)
method to jointly estimate the channel coefficients and th&ch BS antenna includes its own separate LO (SLOs setup).

phase noise in a point-to-point MIMO system is presenterhe contributions of this paper can be summarized as follows
Not to mention that the degradation appears to be more sig-

nificant in coherent communications such as massive MIMOe+ Given a single cell MU-MIMO realistic system model
systems. Specifically, although massive MIMO technology Wwith path loss and shadowing, we present a joint channel-
is attractive (cost-efficient) for network deployment, yorif phase noise estimate describing the impact of channel ag-
the antenna elements consist of inexpensive hardware (more ing by incorporating the time-varying effects of Doppler
imperfections), most of the research contributions areetbas  shift and phase noise at the BS and user elements (UEs).
on the strong assumption of perfect hardware without phase Using tools of large RMT, we obtain the DEs of the
noise, which is quite idealistic in practice. Reasonatig t downlink SINRs, when the BS applies MRT and RZF
introduction of a larger number of antennas will have a more precoders under imperfect CSI due to uplink training and
time variation of the channel (generalized channel aging).

2The arising hardware mismatch between the uplink and thentitwvhas
a negative effect on the channels reciprocity. For examgplecent insightful
work (seel[2¥] and references therein) has presented tferpance analysis
in the large number of antennas regime as well as pre-pregaaid post-
precoding calibration schemes. Herein, focusing on theddmentals of
channel aging, where we want to quantify the individual dbotory time-
dependent factors (Doppler shift and phase noise), we ctegtey hardware
mismatch. However, future work can investigate this misman the channel

aging.

Moreover, we account for special cases of the channel
covariance, corresponding to various interesting effects
described by the large-scale component, that simplify a
lot the resulting expressions.

We demonstrate that the square root power-law, generally
holding in imperfect CSI scenarios, stands for the case
of generalized channel aging as well. Hence, the transmit



power per user can be cut down by scaling the numbehile keeping a finite rati@, i.e., M, K — co with K/M =
of BS antennas to the inverse of their square root.  fixed such thatimsup,, K/M < odd.

« We corroborate our analysis concerning deterministic ap-During the transmission of theth symbol, the channel gain
proximations by performing simulations coinciding withvector between the BS and usker denoted byhy, ,, € cM
the analytical expressions. exhibits flat-fading, and it is assumed constant for the yimb

« We elaborate on insightful conclusions, drawn from oyeriod, while it may vary slowly from symbol to symbol.
analysis. For example, Doppler shift has a far momasically, given the time-frequency resources of the syste
severe impact than phase noise even for low vehicle tere symbol duration is assumed smaller or equal to the
locities. In addition, massive MIMO systems outperfornsoherence time of all the users. Moreover, in order to accoun
conventional MIMO even in generalized channel aginfpr certain inevitable effects such as path loss and logabrm
conditions with RZF precoder behaving better than MR€hadowing, which are dependent on the distance of the users
for various Doppler shifts and phase noise severities. from the BS, we express the channel between ksand the

The remainder of this paper is organized as follows. Secti&® as

Il introduces the system and signal models accounting for he = RY?w 1)
both the effects of user mobility and phase noise, which k ke Tk
allowamore complete characte_nzatlon of (.:hgnnellaglngt,Nthere R, = E {hk.nhz e CMxM s 3 deterministic
Section Ill presents the downlink transmission, in terms ﬂ . T - .

. i . . ermitian-symmetric positive-definite matrix represagtthe
the received signal, the applied precoders, and the adiieva f ; é)

. . . orementioned effecis

user rate. In Section IV, we proceed with the main results
that include the derivation of the DEs of the downlink SINRs,
as well as the investigation of certain simpler cases such AsPhase Noise Model

the scenario where the large-scale fading component is1abse In practice, both the transmitter and the receiver are im-

Sectioq V reports a SEI. of numerical results th_at Conf'mﬂ)%lired by phase noise induced during the up-conversion of
the Va.“d'ty of our analytlcal resu!ts, and s;_heds I'ght oR ththe baseband signal to passband and viceflersma result,
behavior 9f chan_nel aging for various mobility env!ronnlentthe received signal is distorted during the reception Bsicg,
phase noise settings, and a number of antennas in a ma Mffe at the transmitter side, a mismatch appears betwesen th

MlMO s_ystem. we summarize our results and observaﬂogiﬁnal that is intended to be transmitted and the generated
in Section VI. In Appendix A, some useful results fron%ignal

the literature are presented, while the following appesslic

. . ) In our analysis regarding theth time slot, we take into
provide the proofs for the main analytical results.

, , account for non-synchronous operation at the BS, i.e., the B
Notation: Vectors and matrices are represented by b°|dfa8ﬂtennas have independent phase noise processgsm =

lower and upper case symbols)T, (-)", andtr- denote the | " 'y/\ith 4, being the phase noise process atiitéa

transpose, Hermitian transpose, and trace Operatorse@espnianna Note that the phase noise processes are considered
tively. The expectation and variance operators, as welhas

| ¢ ) | bs mutually independent, since each antenna has its own
spectral norm of a matrix are denoted By.] andvar [], @ ijator, je., separate LOs (SLOs) at each antehna [28],
well as || - ||, respectively, whileRe{-} is the real part of a 30]. In case that all the antennas have a common LO

complex number. Theliag{-} operator generates a diagon CLO), the phase noise processgs., are identical for all

ma_trl_x_ from a given veﬁtor, arjl\?wghe fsymb& delclares m =1,..., M (synchronous operation). Similarly, we denote
definition. The notation™ andC refer to complex/- orms k = 1,...,K the phase noise process at the single-

dimensional vectors antlf x N matrices, respectively. Finally,
N I; q cularl 2 antenna usek.
b ~ CN(0,3) orb ~ (0, X3) denote a circularly symmetric — ppaco poise during theth symbol can be described by

cog"nplex Qausaan °T§ real Gaussian vebierith zero-mean a discrete-time independent Wiener process, i.e., theephas
and covariance matrik. noises at the LOs of thexth antenna of the BS ankth user
are modeled as

Il. SYSTEM MODEL

. . . (bm,n = ¢m,n—1 + 6’:lt7n (2)
Th_|s work c_:on3|ders a smgle—.cell system, where a BS com- Ghn = Pem_1 + 625, ©)

municates with a number of single-antenna non-cooperative

UEs belonging to the sét with cardinality K = |K| being 4 1 the following, in order to simplify notation} — oo will be used

the number of UEs. In particular, each UE is assigned aftead ofM, K — oo, unless stated otherwise.

index k in K, while the BS is deployed with an array af 5The independence dRj from the time index,n, originates from the

- . mption that the shadowing vary with time in a longer stopace than
antenn% Since each UE has a single antenna, the terms l‘!g?e‘s#éoherence timé [11]-[13]. Interestingly, this modejuste versatile, since

and user element, are used interchangeably in the followiRg can also describe the antenna correlation due to eitheffizient antenna
analysis. Our interest focuses on large-scale topologjilesye spacing or a lack of scattering.However, the following Hestocus only on

P diagonal R, matrices describing only large-scale fading, asgd ,, € cM
both number of antenndg’ and users< grow infinitely large is an uncorrelated fast-fading Gaussian channel vectavrdes a realization

from a zero-mean circularly symmetric complex Gaussiarribigion, i.e.,
3The antennas can be co-located at the BS or can be distribstédlly- Wy, ~ CN(0,I5).
coordinated, multiple, smaller BSs [29]. 6The conversion takes place by multiplying the signal with ti©'s output.



where 50 ~ N(0,07 ) and 6%¢ ~ N(0,02,) [28], [30], C. Channel Aging

2 __ 2 . s H
[3h2]. Note thatoy = An*feciTs, i = dm, ¢k ddesgnpes :]he The relative movement between the users and the BS
phase noise increment variance Wil ¢;, and fe €ing e inflicts a phenomenon, known as channel aging in the liter-
symbol interval, a constant dependent on the oscillatad, atre [T1]-[L3]. Specifically, the Doppler shift arisingin

the carrier frequency, respectively. this movement causes the channel to vary between when it

The phase noise, being the distortion in the phase due-iolearned by estimation, and when the estimate is applied

o : : i
the random phase drift in the signal coming from the LOs %or detection/precoding. Especially, channel aging is enor

the BS and usek, is expressed as a multiplicative factor toS

evere in massive MIMO systems, where narrow transmit
the channel vector as

beams appear due to the high angular resolution. Thus, the

8kn = Opnhpn, (4) precoders that are used for achieving this spatial focusgbr
A ) (M) . a critical performance loss, which worsens as the users move
where ©, = diagye’™hn, ... e kn e = /@, € \ith increasing velocity [[41]. An autoregressive model of
CM>M with ®,, £ diag{e’?*~,..., e/%Mn} being the phase order 1 enables the joint channel-phase noise proggss

noise sample matrix at time because of the imperfectionsbetween the BS and thigh user at timen (current time) to
in the LOs of the BS, while’#*~ corresponds to the phasebe approximated Bs
noise contribution by the LO of usér [28], [30].
8kn = Angro + €k n, (6)
B. Channel Estimation o )
In realistic conditions, where no perfect CSl is availalte, where, initially, A, = Jo(2r/pTin)ly i supposed to

BS needs to estimate the uplink channell [14],! [38]. [39]. V\}émdel 2°D isotropic scattering [@] g0 IS the channel

. X - "
take advantage of the TDD operation scheme, where an upl}/n gtor received during the training phase, and, € C
. . S IS the uncorrelated channel error vector due to the channel
training phase during each transmission block (coherence. . : .
. . L . variation modelled as a stationary Gaussian random process
period) exists by means of transmit pilot symbols. Since in

TDD the number of required pilots scales with the number (\S\flth independent and identically distributed (i.i.d.) et and

terminalsk, but not the number of BS antennas, not only dls_IErr:k_JutlondC/I\/(O, I;’“ - A”?’Zﬁ:)i ing other interest
the analysis of systems with large number of BS antennas. is IS model can be enriched by Incorporating other Interest-
effects. By introducing the effect of channel estimatio

possible because of the finite duration of the coherenc@nmgI . .

but also the knowledge of the downlink channel is consider%% the auton_agresswe model & (6), the_ BS takes into "?‘CCOU”t

known due to the property of reciprocity or both estimated and delayed CSI, in order to design the
X detectorW,, € CM*M or the precodeF,, ¢ CM*M at time

By assuming that the channel estimation takes place ; . . .
y g P stancen for the uplink and downlink, respectively. Hence,

time 0, we now derive the joint channel-phase noise Iineﬁ; Hact h | at time i db
minimum mean-square error detector (LMMSE) estimate € efiective channel at ime 1S expressed by

the effective channg;, o = ©; ohs o in the presence of phase
noise, small-scale fading, and channel impairments such as
path loss. During this phase, we neglect the channel aging
effect by assuming that both the channel and phase noise 2 -1
remain constant [20]. This is a valid assumption since tMéheregio ~ CN (0,Dy) with Dy, = (IM + %REI) Ry,
duration of the training phase is small, and the consequeitid &;,, = A,8x, + exn ~ CN(0,R; — A, D;A,,) are
time-variation of the channel is unnoticeable. Howevethi@ mutually independent, whil@,,, is assumed to be known to
data transmission phase, taking place foy { 7 ) symbols, the BS, now incorporates both the effects of 2-D isotropic
the channel is supposed to vary from symbol to symbol, whesgattering, user mobility, and phase noise, as shown bejow b
7 andT, are the duration of the training sequence during theheoren{lL. In other words, the combined eréqr,, depends
training phase and the channel coherence time, respactivebn both the imperfect and the general delayed CSI effects,
Proposition 1: The LMMSE estimator ofgy,0, obtained allowing the elicitation of interesting outcomes duringe th

Sk,n :A'rbgk,O + €k.n (7)
:Angk,O + ék,n; (8)

during the training phase, is ensuing analysis in Secti@nllV.
o? -t
Lo = (IM + —bRkl) 5/’2_0, (5) 8Contrary to other works [11]-[13][42JA ., being the factor oy, o, is
Pp ’ described by a matrix instead of a scalar to account for tttengeof SLOs.

2 i ; _ ; eover, in this work,A,, is time-dependent by the delayin terms of the
where o, 1S the variance of the post processed noise at b6{\%%rmber of symbols transmitted, in order to include the aadative channel

station,yf’m is a noisy observation of the effective Channéging effect[[18]. Therefore, the longer the delay, the fenahe A.,,, which
from userk to the BS, and, = 7p, with p, being the power in turn results in less accurate CSI. Hence, the channehatidl at time,

per user in the uplink data transmission phase is used at timel, 2, and so on tilln. It is intuitive that the CSI will be
' much less reliable at time, which results to a more realistic model. We

Proof: : The proof of Propositiori]ll is given in Ap-assume that it can be embodied in the channel vagigy by employing the
pendix[B. B circular symmetry of the channel distribution, or mainly, the inclusion of
an appropriate scaling of the covariance matrix.
7TDD is the only viable solution in fast time-varying chanmenditions 9Normally, the BS antennas are deployed in a fixed space thstéa
with massive MIMO systems, where the limitations for the @@mce time considering distantly distributed small BSs constitutmge massive MIMO
are more stringent, while FDD can be considered only wheretie@some BS. In such caseA,, is a scalar, since it can be reasonably assumed that all
kind of channel sparsity [10]. the BS antennas have the same relative movement comparihg teser.



We turn our attention to the derivation &f,, by accounting the received signaj , € C by the kth UE during the data

for user mobility, phase noise, and the general channedtsffetransmission phasev(=r+1,...,T¢) is
modelled byR. )
Theorem 1: The effective joint channel-phase noise vector Yk,n = v/Pabhy , Ok nSn + 2k (13)
attimen is expressed as where s, = V\F,x, denotes the signal vector trans-
gloint = A,gro (9) mitted by the BS WitTh A\ F, € CMXK and Xp =
. [xl,n; T2ms mK,n] S (CK ~ CN(O7IK) belng a
with normalization parameter, the linear precoding matrix, and
o, the data symbol vector to ité( served users, respectively.
An = Jo@2mfpTin)e” = APy, (10) ' Moreover, we have assumed that the BS transmits data to all
o o2 the users with the same powgs, and zy, ,, ~ CN(0,07) is
where A®,, = diag {eTI", cey e%”}. complex Gaussian noise at userThe need for constraining
Proof: The total mean square error (MSE), which ih€ transmit power per user f, i.e., E [B¢shisn] = pa,
actually given by means of the error covariance matrix, ¥Ovides the normalization parameter as
MSE = trEy ., whereE;,, is the error covariance written N 1 (14)
as CE[LuF,Fy)
Ein =E [(8kn — Angro) (8t — Angro)"| Henceforth, by taking into account thgf.,, = ©y,hy .,
= Elgi,n|® + AnElgro|* A — 2E [Re {Angr,08k ., }] we proceed with the following presentation of the received
— Ry + A Ry A" — 2E [Re {Angr o8, }] signal, obtained by (35). Thus, we have
0'2 7 /
= Rk+AanA$L_2JO(27TfDTS7’L)€7 zk nAanA‘I’n- (11) Ykn= )\pdgzm@%nfkmka‘i‘z v )\pdgzv'”@ivnfivnmiv”+Zk7”
i#k
Note that the expectation is taken over all channel and phase (15)

noise realizations. Also, we have used that, = O ,hy » ) )
with ®,.,, andhy, ,, being uncorrelated. Also, we have denoted™ ApaE[g} 07 Fen] Thnt 2kntY VAPagE O pFinin
o2 ik

2
A(I’n = diag {e(gln, e °¢2M n}, and desired ;ignal noise i
VAP (ngn(-)kﬂbfkvnxkv" 7E[g27'rt@k,nfk,n] :Ck,n)' (16)

Elby ohy ] = Jo(27 fpTen)Ry. 12 ), (I3), we have applied a similar technique(tol[44] because

The multiplcative parameter matriA,, is determined by UEs do not have access to instantaneous CSI during the
minimizing the MSE in [Tl). Thus, if we differentiate_{11)downlink phase, but we can assume that, in particular, UE
with respect toA,,, and equate the resulting expression t is aware of onlyE[g}; . f;].
zero, we obtain the Hermitian matrix,, as in [10). m Given that the input symbols are Gaussian, we provide

Remark 1: During the data transmission phase, the availablée achievable user rate based on the analysis_in [45, The-
CSI at timen is obtained in terms of the estimated CSI at tim@rem 1]. Specifically, the worst case uncorrelated additive
0. The parameter matriA,, has a physical meaning, since ifh0ise is also zero-mean with variance equal to the vari-
describes the effects of 2-D isotropic scattering, userilingb ance of interference plus noise. In addition, singe, is

and phase noise impairments at both the UE and the BS. Circularly symmetric, we letgr, = ©f gk n- ThUSQ, by
Remark 2: Notably, phase noise induces an extra loss duedenoting®;,,, = A®y,,, whereA®,,,, = (0;,0()" =
i iati 3 (1) _p(1) (o) _ (1) i
the additional deviation between the actual channel at fime ; 2j (Bk,,n Bk,o) N ey (Bk,,n 9k-,,o) , we may consider a

and the channel estimate from time 0 because of the symboftg ¢ ) i ) i
by-symbol random phase drift. In other words, the phaseenog!SO model with the desired signal power and the interfezenc
contributes to the channel aging phenomenon that impoddds noise power at UE given by

a further challenge to investigate the realistic potestiaf 2

massive MIMO systems. Sk = A‘E [gz,n(')k,nfk,n} ; 17)
Corollary 1: In the case where all the BS antennas are con-d
nected to the same oscillator or all the oscillators aretidah) an
T toa, n ~ o2 ~ 2
A, degeneratgs toa s_catag = J0(27rprsn)e 2 or [, =Avar {g;n@kmf,ﬁn} +—k+ZAE [‘gz,n@kﬂlfiﬂ ] )
a scaled identity matrixv,, I, respectively. pd %
(18)

. D OWNLINK TRANSMISSION Since the available CSI at the BS at times A, &0, as

The BS transmits data simultaneously to all users in itmn be seen froni{8), the expression corresponding to the MRT
cell by employing space-division multiple access (SDMAprecoder is
Applying reciprocity, the downlink channel is written aseth .
Hermitian transpose of the uplink channel. The coherenee, ti Fn = AyGo. (19)



In a similar way, the BS designs its RZF precoder_as [39ve scrutinize the general setting, where phase noisessacros
o 1 . different LOs are independent, but not identically disttéd.
F,= (AnGoGSAnJrZ + MaIM) A,Gy First, we consider MRT precoding.

= 3A, Gy, (20)

A. MRT

oA -1 . . :
where we defin& £ (A,,LGOG(*;A,,L +7Z+ aMIM) with This section presents the general DE regarding the SINR
7 € CM*M peing an arbitrary Hermitian nonnegative definit(‘-f"’it_h MRT precoding. Then, this asymptotic result particu-

matrix anda being a regularization scaled by, in order to larizes to a number of cases of interest. In additions, it is
converge to a constant, ad, K — co. Note ,that bothz, Investigated the dependence of the transmit power per user

anda could be optimized, but this is outside the scope of thi¥ith the number of BS antennas (power scaling law), in order

paper and left to future work. One possible common choil@ SUPPOrt a specific desired rate.
for these parameters is provided in[39]. Theorem 2: The downlink DE of the SINR of usek at

Following a similar approach t& [28]. [29], we compute thdMe 7 with MRT precoding , accounting for imperfect CSl
achievable rate for each time instance of the data trangmiss2"d délayed CSI due to phase noise and user mobility, is given

phase. Thus, the downlink ergodic achievable rate of Bserby

is given by ) 672(aik+ai)n5i
1 T, —7 Yen = 1 5/ N ‘72 N Z 1 (5”’ (23)
Ry, = T Z R, . M% T paaM ik 7Y%
c with
Te—T -1
1< K
_ < 1 1
=7 Zl logy (1 + Yk,n) , (21) 3= (E 3 MtrA3Dk> ,
n= i=1

where -y, = f:“ is the instantaneous downlink SINR aly, — ﬁtrAka, 5;6 - %trAka (Rk —Aka), and
time n. In other words, the mutual information between thg” _ 1 A2 D;Ry.
received signal and the transmitted symbols is lower bodnde Pr{)of: :" The proof of Theoreni]2 is given in Ap-

by the achievable rate per user provided[in] (21). pendix[C. -
Corollary 2: In case thatR; = I,; (no large-scale com-
IV. DETERMINISTIC EQUIVALENT ANALYSIS ponent), andA,, degenerates to a scalay, or a o, Iy, i.e.,

In this section, we provide the derivations of the downlinfie BS employs a CLO or a SLOs setting with identical LOs,
SINRs after applying MRT and RZF precoders in the present@spectively, we obtain

of imperfect and delayed CSI due to user mobility and phase a2de2(0%,+od)n

noise. Use of RMT in terms of DEs enables the extraction of Vieon = 1_;2d — P (24)

asymptotic expressions d§, M — oo, while keeping their T T A

ratio K /M = $ finite. Given that the theory of DEs provides 4 o2 +ol

tight approximations even for moderate system dimensiondiered = (#2{ anda,, = Jo(2r fpTyn)e™ 'z "

the significance of our results is of great importance. Corir Proof: uSingb . = Iy leads toD, = dI) =
—1

tion of this tightness is provided in Sectibn V by simulation( TPu

X . I,;. Moreover, if A,, is replaced by the scalar
Interestingly, the results mirror the dependence of thenfigr  \ 7Pu+07 M ETE n P y
effects described by channel aging. a,, or the scaled identity matrixy,,I,;, Theorem R allows

S to simplify enough the deterministic SINR. Hence, by substi

. _ a.s.
The DE of the SINRyj.. s such thatye, = Jin 722 yyting X = (a2d) ", 6 = a2d, § = a2d (1 — a2d), and

(2, while the deterministic rate of user is obtained by §" = a2d, we obtainyy_, as in [22). -
the dominated convergence [46] and the continuous mapping\evertheless, it is interesting to investigate the effédhe
theorem [47] by means of (P1) combined impairments of phase noise and user mobility on
To—7 the asymptotic power scaling law. For the sake of exposition
Ry — T Z logo (1 + Ykn) % 0. (22) we fpcus_on MRT precoding, howev_er similar results can be
¢ n=1 o obtained in the case of RZF precoding as well.

The DE downlink achievable user rates corresponding toProposition 2: For the identical SLOs or CLO setting, the
MRT and RZF can be obtained by means of the followingoWnlink achievable SINR of usek at time n with MRT
theorems. Hereafter, for the sake of exposition and wittamst Precoding subject to imperfect CSI, delayed CSI due to phase
of generality, we assume that in the case of SLOs, the ph&§ise and user mobility, and collocated BS antennas becomes

noises obey to identical statistics. However, in Apperidix C TE4E, _3(02 102 9
Yen = T o @nfoTim)e TR RE, . (25)
as. )
"%Note that —==— denotes almost sure convergence, and < b \where the transmit uplink and downlink powers are scaled
expresses the equivalence relation— by, Ma%s.) 0 with a,, andb,, being proportionally tol/M?9, i.e.,p, = E,/M? andpg = Eq/M1
[ — 00

two infinite sequences. for fixed £, and E4, andq > 0.



Proof: Let us first substitute the MRT precoder, given Theorem 3: The downlink DE of the SINR uset at timen
by (19), in [I1&). Then, we divide both the desired and theith RZF precoding, accounting for imperfect CSl and dethye
interference parts by and 1/M?2. The desired signal power CSI due to phase noise and user mobility, is given by

is written as
e—Q(Uik-i-ai)nai

1 ~ 2 S 30)
SM’rRT = _‘gH n ®k.7 A’r 8k ‘ Veun ! o2 (1+6x)? Qir(1+6:)? ’ (
o JV{Q fon ’02 ﬁ‘sk*_&ka*Z#kﬁ

= —75 80Ok AZEro| (26) with

_ 1 4 —4(02 +a§))n 2 5\ _ K

= WJOQ(QTFJCDTSN)@ ek [Dk]mma (27) (% 0T — ﬁ i (% i aIM) C)
where [Dy]mm is the mth diagonal element of the matrix 1 ) |5k|25;€’ 5k5;
D, expressing the variance of theth element. Given that Qir = 77 tr A, D;:C - + i) 2Re T +o0) ([
both®, ,, and A,, are diagonal matrices, we have taken into k
account in[(27) that they can commute. Moreover, in the lagt — Ltr A2D,T,5, = L tr A2D,C' and §, =
step of [27), we have used the law of large numbers for Iar% tr A2D,C”, where
M in the case of collocated BS antennas, as well asAhat —  p _ T(a) andd = [§1, -~ ,0x]" = 6(a) = e(a) are
is a scaled identity matrix or a scalar in theAcase of |q§ht|ca given by Theorenil4 fol. = A2Dy, S = Z/M, Ry, =
SLOs or CLO, respectively. In other wordg  has i.i.d. A2D,Vk € K

elements with variancéDy],.... As far as the interference « C=T (a) is given by Theorenils fol = In;, S —
is concerned, the first and third terms bfl(18) vanish to zero Z/M, K = Loy, Ry — A2Dy Vk € K ,

as M — oo by means of the same law. Thus, we have « C =7 (a) is given by Theorenfl5 fol. = A2Dj
JMRT _ o? S=Z7Z/M,K =Ry —A2D;, Ry = A2D, Vk € K,
L VY «+ C" = T"(a) is given by Theorenil5 fol. = A2Dy,

) (o2 +o2)n S =2;/M, K = A2D,, Ry, = A2D, Vk € K.
_ 0uJo@rfoTin)e "o T Dilm 5y ¢ 21" (a) is given by Theoreni]s fols — A2D;,

Mpq ’ S=7;/M, K = Ry, Ry = A2D, Vk € K.
where we have applied the law of Iargglnumbers to obtain  proof: - The proof of Theoreni]3 is given in Ap-
P (ﬁJg(zﬂfDTsn)e—("iﬁ"i)”[Dk]mm) from (I4), and pendix[D. [ ]
we have substituted,;, — J\};E;Q R2, sincep,, depends om,, Corollary 4. Let. Rix =R, i.e., the large-scale effects (path
the result in [(25) is obtained - loss and shadowing) affect the same all users, fhgn= D.

In such case, the deterministic SINR of Theoflgm,3, can

Propositior 2 reveals that the selectiongohffects heavily T e
be simplified to

the achievable rate per user. In fact, proper selectiorwallo

maintaining the same performance, even by further scaling o 2(0%, +o%)n 52
down the transmit power of each user. Specifically; i set Thn = T ) R (31)
less thanl/2, v, is unbounded, i.e., it tends to infinity. On 7 C ey e (K —1) 37

the_ contrary, _the_ SINR of usé:rd|m|n|sh§s to zero, if > 1/2. with & = LA2DT 2 c¢ - L1A’DC.§ =
This clearly indicates that the transmit powers of each usgr 2D’ TIVL nAQD 14 8) 47 ]v]y "I 21y
during the training and downlink phases have been reducEqu T ( [ /B(A+0) + é +aly)™ A =
over the required value. Most importantly, in the speciaiecaK/(ﬁ tr'T — 57 tr (57 +aly) C), an

thatq = 1/2, the SINR approaches a non-zero limit given by 1 . 1512 6” 55"
the following corollary. Q= —trRC + 5 — )
. M (1+96) (1+9)
Corollary 3: In the presence of phase noise and user

scaled down by, = E,/vM andpy = Eq/v M for fixed

’7 ’7 2
E, and E,, the downlink SINR per user with MRT can be T =TKT +ex /B (1+6)"TA.DT,
finte as where e = B(1+0)%ek,/ (8 —ek,) with X, =
_ T"EaBu 5 =3(03, +od)n[R2 1/ (146" L tr (A2D)' TKIT™
Yen = 74J0(27TfDTsn)e Pk [Rk]'rrmz- (29) /( + ) M 1“( n ) '
Tk Corollary 5: If no large-scale componenR:, = 1)
Evidently, phase noise and user mobility reduce the SIN&e assumed, and the phase noise from all the oscillators
but the power scaling law is not affected. is considered identical or the BS has only a CLO, i4&,,
becomesy, I,, or a scalany,,, we obtain
B. RZF i o205 +od)ng2
As far as RZF is concerned, the analysis is more complex, as Ve = T 150)2 Q’ (32)
shown below. First we present the DE of the SINR in general o + o T (K —1) 57
channel aging conditions by means of the following theorem. o2, +od

-1
whered = (L) anda,, = Jo(2nfpTin)e”— =z ™.

TPu +0'§



Proof: WhenR;, = I, Dy becomes a scaled identitytime is T, = 1/4fp = 1 ms, where fp = 250 Hz is the

matrix, i.e.,Dy = dIy; = (p I;r:;z) I,;. In addition, replac- Doppler spread corresponding to a relative velocity186
P o2 km/h between the BS and the users, if the center frequency

2
TPk + P
2

ing A,, by the scalara,, = Jo(2nfpTin)e™ ", we is assumed to bg, = 2 GHz. Moreover, given that the
obtaing = a2dt, §' = a2dty, § = a2dty, A= —L——, bandwidth for LTE-A isW = 20MHz, the symbol time is
(t—té“—%) Ts = 1/(2W) = 0.025 us. In order to account for fast varying

Bdis2 (52 + 6 +1) channels, where high mobility occurs, the coherence bleck i
. assumed to includd = 196 channel uses corresponding to

B(6+1)? — d*é? the coherence bandwidtB, = 196 KHz.

By considering the unique positive root of the quadratic One useful metric, providing the means for study the

equation§ = o?dt, we obtain [[3B). Note that the generatonsidered system, is

expression of; for i = 1,2, 3 is given by

K
C O Bd28(5 + 1)k, S£Y Ry, (34)
k=1

Q=

CT At (B(6+1)2 — d4e2)’

sincee;ﬁ = e/K = ﬁdéth/(ai(ﬁ _ (d262)/(1 + (5)2)) Here,
kl = (1 - Oéid), k2 == aid, andk'g =1. ]

~+

whereS is the sum-rate an®;, is the DE rate of UE: given
by (22), and Theorem§](2) and (3) for the cases of MRT and
RZF, respectively.
In the following figures, the red and black line patterns
correspond to the rates with RZF and MRT precoding for
The purpose of this section is to present some representatisirious phase noise nominal values, respectively. Thies, th
numerical examples enabling the study of the time variation“solid”, “dash”, and “dot” lines designate the analyticad-r
the channel due to the effects of phase noise and user iyob#itilts with no channel agingp,,., = 0° ¢k, = 2°, and
on the performance of massive MIMO systems with MRT angl,,, , = ¢, = 2°, respectively. The bullets represent the
RZF precoders. The metrics under study are the achievabigulation results. Finally, the green “solid” and “dothéis,
sum-rates and the required transmit power achieving aioertavhere applicable, depict a scenario with channel aging but n
user rate. Note that the achievable sum-rates are desdiibeghhase noise in the cases of MRT and RZF, respectively.
means of the SINRs, given by Theorehis 2 Bhd 3. In addition,

the correctness of the proposed results is validated by &4or Rate Comparison between MRT and RZF

Carlo simulations. Notably, despite that the analyticautts . .
are obtained by assuming th, K — oo, they coincide with The rate comparison between MRT and RZF considers the

the simulations even for finite values 8f and K. Actually, impact of both Doppler shift and pha_se noise_. Clearly, the RZ
o L . . outperforms the MRT for the scenarios considered. Esggcial

this is a known observation in the literature concerning tflgl i depicts th hievable rates b g th ber of

DEs [8], [11]-[13], [39]. g. picts the achievable rates by varying the number o

BS antennas for different values of phase noise, when thre use

. are assumed to be static € 0 Km/h), or equivalently, in

A. Smulation Setup the case of no Doppler shiftf, = 0 Hz). By increasing the
Given that the interest of this work is based on the investigaardware imperfection in terms of phase noise, the sum-rate

tion of the impact of practical channel impairments, theisgt decreases. As far as the RZF is concerned, when the phase

of our scenario includes long-term evolution (LTE) systemoise at the user side has a varianceaélﬁ = 2° the rate

specifications[[3]. Specifically, the simulation setup é¢dess loss is75% with the BS havingM = 30 antennas, but when

a single cell with a radius o2 = 1000 meters, and a guard M reaches00, the loss is smaller, i.e52%. Moreover, when

range ofro = 100 meters specifying the distance between thiae phase noise increases, the sum-rate saturates fastibar S

nearest user and the BS. The BS, comprised/fofintennas, conclusions can be made in the case of MRT precoding. The

broadcasts td< users that are uniformly distributed withinperfect match between Monte Carlo simulations and analytic

the cell. According to the system model, the channel vect@sults validates the analytical results.

between the BS and the UEin the nth time slot describes  On the other hand, Fid]5 provides the variation $f

the large-scale fading and path loss or spatial correlatigarsus the normalized Doppler shift7; when M = 60 for

by means ofR,. Herein, R, describes large-scale fadingdifferent values of phase noise starting from perfect LGs (n

modelled asRy = IxIy; with Iy = g/ (r/70)". Especially, phase noise) to high phase noisg;’;k( =02, =2°). Itis

qr is a log-normal random variable with standard deviation revealed that the effect of the Doppler shift on the achikvab

(c = 8 dB) expressing the shadow-fading effect, denotes rate is more detrimental than that of phase noise. In fact,

the distance between UE and the BS, and (v = 3.8) is for low velocities in the order of30 km/h equivalent to

the path loss exponent. The uplink and downlink powers afg7; =~ 0.2, the degradation due to phase noise starts to

pu = pa = 46dBm, while the thermal noise density is174 become insignificant, but then the achievable rate can becom

dBm/Hz. The length of the training duratiomis= K symbols, so low that it is inadequate for practical applications,, iie

and the phase noises at the BS and user LOs are simulagedot worthy to investigate the impact of phase noise in high

as discrete Wiener processes given by (2) add (3), withobility environments. Hence, the higher the mobility, lbes

increment variances in the interv@l-2° [48]. The coherence important role the phase noise plays. In the same figure, the

V. NUMERICAL RESULTS
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Fig. 1. Simulated and DE downlink sum-rates with MRT and RZ&cpders

in a static environment versus the number of BS antennasaitous values Fig. 2. Simulated and DE downlink sum-rates with MRT and RZ&cpders

of phase noise. Red and black lines correspond to the tiedreum-rates . . . )
. ] . . whenM = 60 as a function of the normalized Doppler shift for variousues
with RZF and MRT precoding, respectively, while the blacKldts refer to of phase noise. Red and black lines correspond to the themretm-rates

the simulation resuits. with RZF and MRT precoding, respectively, while the blacKdis refer to the
simulation results. The green “solid” and “dot” lines mirra scenario with
channel aging but not phase noise in the cases of MRT and RZpectively.

straight lines illustrate the sum-rate with imperfect CBlif Lines parallel to x-axis represent scenarios with no chiaagiag.

with no user mobility and with perfect LOs at both BS and user

ends. Furthermore, it is evident that as phase noise irgseas

the performance worsens. However, the loss due to phase n&-&onstant. In other words_, after a specnﬁp valugiel’;, any
is prominent in static environments. increase ofpg cannot achieve any benefit. Furthermore, the

higher the phase noise, the faster the saturation ensues.

C. Required Transmit Power Comparison between MRT and p  Extension to Multi-Cell Large MIMO Systems

RZF . . L
Herein, we focus on the impact of channel aging in the

Regarding the required transmit power achieving a specifigactical case of a hexagonal cellular system. Especiaty,
rate per user equal ta bit/s/Hz, it is quite insightful to consider the downlink of a cellular MIMO system with
investigate how it changes by varying the number of Bgells operating under the same frequency band, i.e., therays
antennas, the amount of Doppler shift, and the severity @fimpaired by pilot contamination. Actully, each cell cae b
phase noise. assumed as an instance of the single-cell setting provided i

Hence, Fig[B illustrates the variation of the transmit pow&ection II. The received signal at tt¢h user, located at the
pa versus the number of BS antennas in a static environmefi cell, is given by
(fpTs = 0). Specifically,pq decreases considerably when we I
increasel . Especially, a closer observation shows a reduction o H _
in the transmit power by approximately 1.5dB after doubling Yikm = \/p_d;h”k’"&k’"sl’” + Zikn (35)
the number of BS antennas, which agrees with previousl -
known results e.g.| [38]. Notably, the more severe is thesph
noise at the user, the more the required transmit power gho
be.

Fig. [4 depictspq versus the varying normalized Dopple
shift fpT; and phase noise, wheh/ = 60. In particular,
the straight lines represent the required transmit powehn wi
no channel aging. As a result, these do not dependhi o2 -t
or phase noise. However, as the Doppler shift increases, 8iko = <IM + =2 ZRM;> Y00 (36)
becomes higher, and very soon (low velocities), it satgrtie Pp 3

eres; , denotes the unit-norm signal vector transmitted by
me BS. Moreover, we have assumed that the BS transmits data
to all the users with the same power, andz; ,, ~ CN(0,07)
Ijs complex Gaussian noise at ugerfound in theith cell.

The LMMSE estimator of;, o, obtained during the training
phase, is
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Fig. 3. Required transmit power to achievebit/s/Hz per user with MRT gig 5 simulated downlink sum-rates with MRT and RZF pragsdin a

and RZF precoders in a static environment versus the nuniti#s antennas gjjylar setting withL = 7 when M = 60 as a function of the normalized

and various values of phase noise. Red and black lines pomesto the poppler shift for various values of phase noise. Red andktiaes correspond

theoretical sum-rates with RZF and MRT precoding, respeigti while the {5 the simulated sum-rates with RZF and MRT precoding, ey, The

black bullets refer to the simulation results. green “solid” and “dot” lines mirror a scenario with chanraging but not
phase noise in the cases of MRT and RZF, respectively. Lireallpl to
X-axis represent scenarios with no channel aging.

10+ M=60
9__ o I i eiieriiLeiTIU LU IAEAMaUETe s E AR
’73} - particular, we consider the same design parameters with the
6 setup of the single cell, but now we empldy = 7 cells.
@51 Moreover, the average sum-rate is going to be investigated f
3‘3‘: the central cell, while it has to be mentioned that in the mult
> ] s s s i S cell setting the large-scale fading depends on the distafhce
[ B . . .
2 1] not only the distance ofth user from its associated BS, but
_g-?: also from the neighbor BSs. In such scenario, the equivalent
251 . SISO model for UEL in the central cell has desired signal
%-3{ power and interference plus noise power given by
4]
5] . ~ 2
o] No channel aging Sik,n = )\}E [g;‘ik’neik,nfik,n} ‘ (37)
7 '/
-8 T T T T T T T T T and
0.000 0.002 0.004 0.006 0.008 0.010 5
Normalized Doppler shift £ T_ ~ O}
P Lik.n = Avar {g';ik,n@ik,nfik,n} + o
Fig. 4. Required transmit power to achievebit/s/Hz per user with MRT _ 2
and RZF precoders whel! = 60 as a function of the normalized Doppler + Z ME g?im n®lm wfimon , (38)
shift for various values of phase noise. Red and black limegespond to the Lot ’ ’ ’
theoretical sum-rates with RZF and MRT precoding, respelgti The green (L,m#i k)

“solid” and “dot” lines mirror a scenario with channel agibgt not phase
noise in the cases of MRT and RZF, respectively. Lines prati x-axis Wwhere G')zk n = A®y, , andfy , represent the accumulated

represent scenarios with no channel aging. phase noise and the precoder applied byitheBS.
Obviously, the difference between the single-cell and mult
cell analyses is limited to the term describing the intdl-ce
wherea%, is the variance of the post-processed noise at bageerference, or in other words, the pilot contaminatioig. 5
station, y}, , is @ noisy observation of the effective channellustrates the sum-rate of thith (central) cell versus the
from userk to theith BS, andp, = 7p, with p, being the normalized Doppler shift. As can be seen, the impact of
power per user in the uplink data transmission phase. channel aging on the inter-cell interference is similarhe t
Given that the focal point of this work is to conduct arntra-cell interference, and results only in an extra ddgtan
investigation of a generalized channel aging model, and sh&f the system performance. In addition, the system is more
deeper light on channel aging as well as reveal new progertgensitive to the normalized Doppler shift. In other worde t
we present only simulation results and not the correspandimore severe the channel aging, and basically the user ryobili
deterministic equivalent analysis, which is straightfard/and the higher the degradation of the achievable sum-rate kecau
will distract the reader from the main objective of this p&mt it affects the inter-cell interference term.
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VI. CONCLUSIONS of B. Then, we have

1 1 a.s.

In this work, we modeled channel aging by incorporating MXHBX Y tr B®, Mo 0 (39)
both effects of Doppler shift coming from user mobility and y a.s.
phase noise due to circuitry imperfections of LOs, sincénbot X By . ——0 (40)
the effects contribute to the time variation of the effestiv 1 2 1 21 as
channel multiplying/affecting the transmitted data. Givhis E (MXHBX> — (M tr B<I>z) m 0 (41)
novel integrated framework, we provided a joint channedgeh
noise estimate. Next, the new CSI model was exploited to L|XHBy|2 B itqu)xBH@y as. (42)
construct the MRT and the RZF precoders, and derived the ~ M? 2 M—00

DEs of the corresponding downlink SINRs. As attested by Lemma 5 ( [5I, p. 207]): Let A, B € CM*M pe freely

Monte Carlo simulations, these DEs are tight approximatiog, je,endent random matrices with uniformly bounded spéctr

for the rate performance of the studied system. In additiqfly . tor a1l 17, Further, let all the moments of the entries of
the numerical results showed that the degradation duerB be finite. Then

Doppler shift dominates against phase noise. As a result,

' ise i i i 1 1 1 a.s.
the detrimental effect of phase noise is meaningful only in ~ rAB - —trA—trB 0. (43)
low mobility conditions. Notably, the use of massive MIMO M M M—c0
systems should be preferred even in general channel agingneorem 4 ( [52, Theorem 1]): Let L € CM*M and
conditions, where, in addition, RZF behaves better than MRl o cMxM e Hermitian nonnegative definite matrices
as expected. Finally, we showed that in the case of MR\ et T ¢ CM*K pe a random matrix with columns
precoding, the required transmit power per user to achievg,g ~ CN (0 ﬁRk)- Assume thafl, and the matrice®,

certain rate can be scaled down at most by the inverse of the. | % ‘have uniformly bounded spectral norms (with
square root of the number of antennas, while a similar reSHl.%pect toM). Then, for anyp > 0

should hold for RZF precoding as well.

1 1
7 L(HH" + S 4 L))" — — trLT(p) _as.,y,

M —oc0

APPENDIX A whereT(p) € CM*M s defined as

USEFUL LEMMAS K _1
1 Ry
Tp)=|—> ————+S+ply| ,

Lemma 1 (Matrix inversion lemma (1) [49, Eq. 2.2]): M =1+ ex(p)
Let B € CM*M pe Hermitian invertible. Then, for any vector

x € CM, and any scalar € CM such thatB + rxx" is and the elements of(p) = [e1(p) - ex(p)]" are defined as

invertible, Ek(p) = hmt_,oo e,(ct) (p)7 where fort = 1, 2, .
K
HB—l (t) 1 1 Rj —1
HB -1 _ X . e, (p)=—trRy|—=) ——————+S+ply (44)
X ( + TXX ) ]_+TXHB71X k M Mj:11+€§»t 1)(/))
Lemma 2 (Matrix inversion lemma (I1) [39, Lemma 2]): with initial Va|ueSe§€O) (p) = % for all k.

Let B € CM*M pe Hermitian invertible. Then, for any vector

. MxM b
x € CM, and any scalar ¢ CM such thatB + 7xx" is Theorem 5 ( [[39, Theorem 2]): Let ® < C© €a

Hermitian nonnegative definite matrix with uniformly bowatt

invertible, spectral norm (with respect tof). Under the same conditions
ot as in Theoreri]4, we have
Wy —1 B 'mxx"B
(B + mxx") :B_i,l- 1 1 1
1+7x"B~'x MtrL(HHHJrSerIM) K (HH" + S + pIy)
. 1 ,
Lemma 3 (Rank-1 perturbation lemma [[50, Lemma 2.1]): — 57 trLT (p) >0,
Let z €< 0, B € CM*XM B ¢ CM*M with B Hermitian
nonnegative-definite, and € CM. Then, whereT' (p) € CM*M s defined as
K ’
B / 1 Riey(p)
e (B = 2Ly)~" — (B + xx" — 21,)~'B) | < 1BL. T'(p) = T()KT(p) + T(p) 77 > —+ =L ()
Z i (L+ex(p))

Lermma 4 ( [38, Thm 3.7], [T1, Lem. 1]): Let B € CMxM with T(p) and e (p) as defined in Theorefd 4 and(p) =

with uniformly bounded spectral norm (with respect A6). el(f’)"'@K(P)} given by
Considerx andy, wherex,y € CM, x ~ CN(0,®,) and , .
y ~ CN(0,®,), are mutually independent and independent e (p) =Tk =J(p) v(p) (45)
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The elements off(p) € CX*K andv(p) € CK are defined of (I4) and [(ID) as

as A\ K
G RyT ()R T(p) B[ tr AnGoGiA, |
IS 3
M (1+ ex(p)) _ K
and B[S, & A2gk08]o|
1 —1
V(P = 57 tr RAT(p)KT(p). (K Z L AQDk> : (50)

where we have applied Lemnﬁi 4. As far as the other term
in (@9) is concerned, we obtain

1 ~ ~
g e vt - i et
During the training phase, users transmit mutually orthogd | 8kn = knetn8k0 (&k.oAn+€10)OknAngio

- . - . . . 1 —_ .

onal training sequences con3|s'_[|ng ofsymbols, _and |_t is —- —E[g! ()An(')k,nAngk,O};
assumed that the channel remains constant during this phase

In particular, the pilot sequences can be represente® by
[1;- - ;K] € CEXT with ¥ normalized, i.e. #¥" = Ik.

APPENDIX B
PrROOF oFPrROPOSITIONT

X

%E [tr .01, 4D (5)
(

Given that the channel estimation takes place at timéhe e (ot tod)n
received signal at the BS is written as = M tr A, Dy, (52)
where in [51) and [(52), we have applied Lemmias 4
Y0 =vPpOroHo¥ + Zp o, (46)  and [, respectively. Note thaA, and ®,, commute

wher is th mmon aver transmit nower for all rbecause both are diagonal matrices. In particular, re-
erepp 15 ec?l) on average transmit power for a useSardlng the CLO setting, it holds thatlvtre)kn =

) (M)

@k 0= dlag {6]0"' o,.. ejek 0 } is the phaSe noise becaUS%QJ(‘Pk n—%Pk,0+Pk,n—Pk,0) , while in the Case of the SLOS Setup,
of the BS and usek LOs at time0, and Z,, € CM*7 we obtain; tr Oy, 0= eQJ(“’k nok0)=oin o Lir@,,, =

is the spatially white additive Gaussian n0|se matrix at thes(er,n w o) L H Me ~95," when the LOs obey to identical
BS during the training phase. Note thé,% = $mo + or non-identical statistics, respectlvely Herein, weu®®n
k0, m=1,...,M. By correlating the received signal withthe former scenario regarding the BS antennas. Especially,
the training Sequenee—wk of userk, and by substituting in such case their increment varlanceo% Appllcatlon of

8k,0 = Opohy, the BS obtains the expectation operator tg; tr @k,n gives e —(o%,+o3)n

1 for both the CLO and SLOs settings. Finally, after sim-
\/p—Zp,m (47) ple algebraic maipulations, we lead to](52). By denoting
P Sk.n = limpr—o0 Sk, the DE signal power, and by usirlg {50)

where z,0 £ Z,of ~ CN(0,021y). After applying 2nd [52), we have

the MMSE estimation method_[53], the effective channel Sk xj\e—Q(Uiﬁai)"(si, (53)
estimated at the BS can be written &s](36). Employing theh
orthogonality principle, the channel decomposes as reoy, =

5’270 = gk,0 +

+ tr A2Dy.. Now, we proceed with the derivation
of each term in[(TI8). The first term on the right hand side can

gr,0 = 8k,0 + Ek,0, (48) be written as

EY: Hl é TLATLA
where g, is distributed asCA(0,Dy) with D, = M [g’“” b g’“’o}

(IM + o R_1)7 Ry, andgko ~ CN(O Ry — Dy) is the -
channel “estimation error vector. Note thet and g, are

1 = . |?] a.s.
WE ekyngk,nAngk,O‘ —>Oa (54)

statistically independent because they are uncorrelated dhere the property of the variance operatar [v] = E[z?] —
jointly Gaussian. [E2[x] together with [(B) have been used. Lemnias 4 @hd 5
enable us to derive this DE as
A ~ . A
APPENDIXC 27 VT [gz,n@k,nAngk,o} =370k (55)
PROOF OFTHEOREMIZ where 5, = - tr A2Dy, (R — A2Dy,). Similarly, use of
We consider the desired signal power Lemmad¥ and]5 in the last term @f{18) completes the proof.
Thus, we have
s —AE[”(:) A8 }2 49) A 5 1A =
kon = M gk,n k,nAn8k,0 . WE[ ‘gzﬂL@k,nAngi,() :| — Wtr @k,nA%Di@szk;
First, we derive the DE of the normalization parameter _ ig/f (56)
Hence, the normalization parameter can be written by means M
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sincegy,, andg; o are mutually independent. Note here thadf Theorem$ ¥ anfll5 as well as Lemmas 1 Bhd 4 as before.
5, = i tr A2D;Ry. In particular, ifi # k, we have

?

~ 2
~ 2 o Orn2iAngio
APPENDIXD Engn@k,nEAnéi,O } E[ gk,AH : gA, }
PROOF OFTHEOREM[3 : 1+g/0AnXAngio
F.irst,.we obtain the DE of the normalization param@ter gl n(:)k,nEiAngi.og?OAnEi(:)Z 8k
Taking into account for[{14) and_(R0), and making a simple=E | — —— 5
. ) i h N
algebraic manipulation, we lead to (1 + gi,oAnEiAngw)

K ¢ Ok DiADA, SO gy
A= A 57) = E[gk’” il i TkinBh, ] (65)
E[tr EAnGOGSAnE} (1+46,)
K where we have taken into consideration tgat, andg; o are
— 58 p) )
- E[trE —tr(Z 4 aMTy) 22} ' (58) mutually independent. Unfortunately, upon inspecting (6
observe thak; is not independent gy, . For this reason, we
while its DE is use Lemméal2, which gives
_ K ~ ~
A= 5 59 Ez e} nA'r 5 s g Ane) ,1 Ei
(ﬁ . % o (% n aIM) C) (59) S -5, kOL n An8k,08k 0 kn k7 (66)

148" A, ;O A,
where we have applied Theorems 1 and 2 ®r = I,,. Sk.0 o Stk e n BnEh,0
Regarding the other term of the desired signal power, we hawvbich introduces a new matriX;; to (€8) defined as

E [gz7'rlékin2Angki()} =E [(gZ,OAn +é2,n>ék7n2Angk70} Yik= ((:jz,nAnGOGgAnék,n - (:)Z,nAnéi,oé?,oAn(:)km

~H ~ N B N N
p[— kot OnnPibubio ) 60)  ~OLuAniodloAOpt D Maly) . (67)
1+ 84 0An®rn2kO)  Angio

By substitutin into[(85), we obtain
where Lemmag]1 arid 4 have been applied1d (60), while y 9[(€6) 1GY)

: i ’ 2 |
is defined as IE[ ‘gzyn(-)k,nEAngi’O } = LQ’ (68)
k= (0}, AnGoGiA LB~ O], Angrngl AnOL.n M(1+0)

+Z + Maly) ™" whereQ,;. is given in [69) withS,;, = ©;.,,%.. The DE of

each term in[{69) is obtained as
Exploiting Lemmag$ 15, and Theordrh 4 gives
ﬁ tr AELDkék,nT
1+ ﬁ tr A%DkT

R — ~ R 1 "
~ Hence, use of {39) an@(61) provides the DE signal powa] 0 A1 Oy Sk AZD; 3.0}, Angro < e tr A2D,,C
Sk @s i

1"

_ ~ 1
g Orn Tk AZD; 3O} 8hn < T R.C (70)

E{gzyn(:)kynEAngkyo} ~E . (61)

5« 5\ 6_(aik+a;)n6k 2 62 = M (71)
k,n — T ) ( )
H Q) @H 21 . O AH A

whered;, = 47 tr A2D,, T. Note that the manipulation regard- gkv"Q’“’”2““@’WA"DlZ@kv"EZka’”A”g’“")
ing ©,,, follows a similar analysis td(52). We continue with < —tr Akac"
the derivation of each term df(1L8). Specifically, after g M
Lemmas 1 andl4, as well dsl (8) to the first term[in] (18), we _ O (72)
have M

var [gz,n@k,nEAngk,O

1 1" |(5k|2(5;€/ 5k5;€/
= X = —=tr RyC +——L k __9Re{—"k L (73
EU & 0k nTkAngho ‘2] as. o (63) Qin= 37z TR +M(1+<5k)2 M (1+3) (73)

1+ 88 (An©O; T4 OF Aol | Moo o P
- w0 F 0 whereK = A2D; with §, = 4 tr A2D,C". This concludes
which yields the proof for the derivation ofy, ,,.

- Ly
H ~ - Mk
Avar [gk’n@kmEAngk’O} = Ai(l e (64)

where we have used Theorefs 4 &hd 5 as well as Lefimas #he author would like to express his gratitude to Dr. Rajet
and[5. Note thas, = ﬁ tr A2D, T andK = Ry — A2Dy. Krishnan for his help and support in making this work possi-
Next, we focus on the last term df (18), where we make ude.
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81, S0 Angro| &oASuAZD S Ao

Qir = gz,niikAiDii?kgk,n+ (

— 2Re

8l 0ANYi O}, 8rngh Xk O}, A DX OF A8

R 2
L+ gz,oAnzik@Z,nAnék,o)

(69)
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