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Does Massive MIMO Falil in Ricean Channels?

Michail Matthaiou,Senior Member, IEEEReter J. SmithFellow, IEEE,
Hien Quoc NgoMember, IEEEand Harsh TatariaVlember, |IEEE

Abstract—Massive multiple-input multiple-output (MIMO) is  correlated Rayleigh fading conditions, if the pilot-sinarusers
now making its way to the standardization exercise of future 5G have asymptotically linearly independent covariance ivesy
networks. Yet, there are still fundamental questions pertainingto the massive MIMO capacity grows without bourkhe work
the robustness of massive MIMO against physically detrimental . .
propagation conditions. On these grounds, we identify scenarios of [3] Ie\{eraged tc_mls of random matrix theory to derive
under which massive MIMO can potentially fail in Ricean chan- asymptotic expressions for the average rate and conclinded t
nels, and characterize them physically, as well as, mathematically. Ricean fading is more beneficial than Rayleigh fading. fnal
Our analysis extends and generalizes a stream of recent papers[g] derived conditions to guarantee favorable propagation
on this topic and articulates emphatically that such harmful different array topologies.

scenarios in Ricean fading conditions are unlikely and can be We herein consider a far more general propacation scenario
compensated using any standard scheduling scheme. This implies ! Sl g propagation s !

that massive MIMO is intrinsically effective at combating inter- cqmpareq to [2].—[6]- which is modeled via the S(_ami-cormilat .
user interference and, if needed, can avail of the base-station Ricean distribution, where each user has a different covari

scheduler for further robustness. ance matrix and a differenk’-factor. This general model is
Index Terms—Inter-user interference, massive multiple-input  inherently suitable for future dense networks, where cBffi¢
multiple-output (MIMO), spatial correlation. sets of incident directions are likely to be observed by geo-

graphically separated terminals. These propagation tondi
cause variations in the covariance profiles across differen
users [7]. Then, we identify, both physically and mathemati

Massive multiple-input multiple-output (MIMO) is nowa- o4y scenarios under which the mean inter-user intenfee
days a well-established technology which forms the backboBOWer with maximum-ratio processing does not vanish in the

of the_ fifth-genergtion (5G) [1]. The seamless developmént @, antenna limit, thereby limiting the seemingly esiea
massive MIMO since 2010 has been based on the concephplsgive MIMO gains. Our performance metric is the mean
favorable propagation [2], which leverages asymptoticpprojyerference power since it provides an average over théi-sma

erties of Gaussian random vectors. That is, as the number385|e fading making possible a second-order charactierizat
base-station (BS) antennas 'Pe‘?omes unconventionall®, laige 5 myti-user massive MIMO system. Our analysis provides
channel vectors become pairwise orthogonal. In order fgry,mpner of important observations, for this class of Ricean
this key property to hold, a common assumption is thglying channels: (a) It is unlikely that massive MIMO will
the individual channel vectors have independent, zeroAmeg;. () Failure occurs when we have strong alignment of
Ga“SS'?”. entries with a partlcular. finite variance. two distinct LoS responses and/or non-vanishing alignment
_ Surprisingly, once we start moving away from these condit 5 | 53 response of the-th user with the eigenvectors of
tions little is known about the massive MIMO performance. Ity covariance matrix of thé-th user: (©) If any of these

[2], it was shown that, for a fixed number of users and undggenarios kicks in, a standard scheduling scheme can remove
pure line-of-sight (LoS) conditions, the orthogonalityween o ndesired user(s) from the communication link, hence,

two random channel vectors breaks whenever their anguighyimizing the inter-user interference:; (d) under somedmil
difference scales aS(1/M), where M is the number of BS ¢4 jitions, the instantaneous Gram matrix normalized\by
antennas. The authors of [3] mvestlgated the performarhcecc()mverges to its mean in the mean-square sense, respectivel
massive MIMO when the total electrical length of the BS ngtation: We use upper and lower case boldface to denote
gntenna array is fixed. Their re;u_lts showcased thaf[ 'm'umatrices and vectors, respectively. The< n identity matrix
interference for pure LoS conditions does not vanish in tl?g expressed a$,. A complex normal vector with meah
massive MIMO regime. In [4], Bjrnsonet al. proved that for 4,4 covariances reads a< (b, ). The expectation of a
random variable is denoted &5-], while the matrix trace by
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I. INTRODUCTION



large-scale fading as they do not affect our findings anBrom (4), it is clear that situations exist whetg! R;h,
most importantly, because we are exclusively interested soales a€)(M?2). One such case is the extreme (and unlikely)
the macroscopic impact of small-scale fading. Yet, in thgituation whereh, is aligned with the weakest eigenvector of
simulation results, we do consider a realistic large-stzaling R, and)\g\’f[) is O(M). A set of milder conditions under which
model. TheM x 1 channel from thé:-th user to the BS is channel orthogonality breaks is considered below.

:\/ Ky by, +\/ 1 RI/QE 1 Scenario 1. Note that by definitiorh, can be expressed as
Ki+1 Ky, m a Imear combination of the linearly independent eigengest

whereKj, is the Riceank factor, hy, is the deterministic LoS u{. If the corresponding eigenvalue(s) scale@gM), then

2
component with||hy||> = M and hy, ~ CN(0,1,) models teml/M does not vanish a8/ — co.
the diffuse multipath components. Proof. We expressh, as a linear combination of the elgen—
With maximum-ratio processing and perfect channel Sta\‘}%ctorSu( ) i=1,... M such that— h£ Ziwlﬁl u' ,
information (CSI§, the mterference created by theh to wh 2 _ 1 Th h
the k-th user is defined asl}, £ lgfg|?, such that the ereZi:l |6i* = 1. Thus, we ave
total interference power seen by tlteth user is equal to

1 - _
L R 4
> |gfg?. Our performance metric will be the mean a7z Ruhe = Zﬁ ( ) (UA U 257
=104k
interference power [8, Lemma 2]: 1 M . )
Ky 1 CH 1 tr(R¢Ry) - MZ@ (0es Ly, 0) AT Zﬁjuj
E [Tkg] = (hg Rkhg) + i=1 j=1
Ki+1K,p+1 (Kk+1)(KZ+1) 1 M 1 M
erm [ *(k)_i _Q(k)
covat corn? = 27 2 OB = 57 DD IBAY (5)
Ky, K, B R 2 K, 1 (BIRA). (2) i=1 i=1
Kp+1K,+1"° Kp+1K +1"" Thus, (5) does not converge to zerohif has non-vanishing
tern3 ternd alignment (|3;] > 0 as M — oo) with one or more eigen-

In the following sections, we will separately study thesarfo vectors,u'*’, whose eigenvalues\”’, scale aso(M). [
individual terms in (2) and, in particular, their scalinghlagior
with an increasing number of antenn&s Our main objective
is to identify physical scenarios under which any of these fo
terms scales a®(M?), which is also the scaling order of the
desired signal power [1], [3].

I1l. WHEN DOES MASSIVEMIMO FAIL?

Discussion: Fundamentally,term1/M? will not vanish
if three conditions are fulfilled: (aR; has one or more
eigenvalues that scale @(M); (b) h, must align with the
corresponding eigenvectors or any linear combination efith
(c) this alignment should be preserved & — o~o. Note
] i that for full-rank Ry, all AE’“) are de facto positive and this
A. Analysis ofterm1 in (2) increases the chances of non- vanishing alignment betvireen t
To analyze this term, we focus our attention on the quadratioS responsén, and the e|genvectom . On the contrary,
form insidetermi, that is, hHRkhg This term is a quadratic if R, is rank-deficient with rankr, then terml/M2 will
form of the LoS vectord, and the covariance matrix of uservanish unless we have non- vanishing alignmenthpfwith
k, Rx.> We can now sort the/ real eigenvalues dRy in de- u*) ; =1, ., which is again an improbable situation to kick
scending order as fOlIOW/Sgk) > Agk) > 2 AS\'}) > 0 with in. Interestingly, [4] articulated that rank-deficient eoiance

M AP = tr(Ry) = M,Vk =1,..., L. Hence, the eigen- matrices with orthogonal support eliminate pilot contaatiion
value decomposition dR;, reads aRy, = U, A, U, where resulting in unbounded massive MIMO capacity.
U, £ {ugk),ugk), . mgﬂ is a unitary matrix that contains B. Analysis ofcerm2 in (2)
the eigenvectors dR;, and A, £ diag <>\ RIPYEN --,AS\]Z))- To analyze the behavior of this term, we first recall the
We now have that decomposition ofR;, = UkAkUkH. Then, we have for the
1 h# h 1 hH I trace term insidecerm?:
thRk = ———=Ry g = ) 1/2¢1H 1/2
M MV VAT Ml Tl wRRy  (AVPUIRUAL?)
which from the Rayleigh-Ritz theorem can be lower and uppér p2=  — M2
bounded as follows 1 M (o “ “ )\(k) NG
= : M
A(k)<ihHRh <A(k)<1 (4) _MQZ;Ai (ui) s Z T
M = M2 OETRRE = = -

N , _ , where /\gé) is the maximum eigenvalue @&,. Note that the
Interestingly, the case of perfect CSl is mathematically agmls to the (0) . . .
case of imperfect CS with orthogonal pilot signaling witie tnly difference UPPEr bound abovey; /M, is achieved when all eigenvectors
pertaining to the covariance matrix of the estimate, whichshitted version of Ry, align with the principal eigenvector dR,. Although
((:);sRek‘ For this reason and to keep the notation neat, we work wéHdtmer this scenario is mathematically possible, it is highly adisgic
2Note that a similar analysis can be pursued ferm4 in (2), which is N practlce. We will now dellnea_te the general conditiondem
omitted for the sake of brevity. which term2/M? does not vanish a8/ — oco.



Scenario 2. By definitionul(.e) can be expressed as a linearWe can now leverage the conditions above to present the
combination of the linearly independent eigenvecnmj@ (or following result that is very useful for the performance lgsis
vice versa). If the corresponding eigenvalue(s) scal®@gs/), of massive MIMO. For this analysis, we need to define

thenterm2/M? does not vanish ag8/ — oo. G £ [g1,8,...,81] € CM*L,

Proof. We simply replaceh, with u,EZ) in Scenario 1. [0 Proposition 1. If the conditions C1 and C2 are fulfilled, then

. ) ) o . _ the instantaneous Gram matr&“ G converges as follows
This scenario requires non-vanishing alignment of thereige

vectorsu'”) with the eigenvectors!*) and the corresponding iG.H G Ly (G G] (10)
eigenvalue(s) of any oR,, Ry, to be scaling a®(M). M M

: . where ™% denotes convergence in the mean-square sense.
C. Analysis ofterm3 in (2) 9 g

In (2),term3 represents the amount of cross-interferenderoof. The (k, ¢)-th element ofG G can be expressed as
between two LoS vectors. We now identify two scenarios that 1

. . - 1 K Ky —5-
make this term have asymptotically non-vanishing power. — [gHG],, = — hih
ymp v nishing p 2 (676l =37 Ke+1VE+1F7°
Scenario 3. When the two LoS vectols, andh, are aligned, K, T poijos
2 ' h’R,“h
term3/M? does not vanish a3/ — oo. + Tt 1\/[(@ 1k Ry (S1)
Proof. Assuming thath;, = ah,, where|a|? = 1, we have 1 K, ~ _
+ \/ L _hiR,*h, (S,)
i Kk Kz |l_1Hl_1 |27 Kk Kg Kk+1 KE+1
M2K,+1K,+1"°¢ T K +1K,+1° 1 1 ~po1/2p1/27
] ) . . + h/R,”"R, "hy (S3).
Scenario 4. Let us now consider the practical scenario where Kip+1V K +1

the BS is equipped with a uniform linear array (ULA). Thigt is easy to see that for the terf, we have that
setup was also investigated in [2], [9]. When the angular
difference betweeh;, andh, scales as)(1/M¢), with ¢ > 1 E[S:]=0 (11)
5 s . ; 1 K . B
term3/M* does not vanish in the massive MIMO regime. E [IS1|2} TTe R ilK — 1thRehe (12)
k 0

Proof. In this case, the LoS vectdr;, can be expressed:
m.s.

B o o . T such thatS; — 0 if condition C1 is fulfilled. Clearly, the
hy, = [1,e*JTS’“ Or) ... e dX(M=)sin(0)|°  (6) same methodology can be followed f85. For S, we have

We now assume thain (6,) — sin (6;) = v/M wherey € E[Ss] =0 (13)
R*. Then, we can show using the technique of [2] that 1 1 1

g q [2] E[|S5?] = —5 ———tr(RRy)  (14)

1 Ky Ky NN |2 M? Ky +1K,+1

M2Kk+1Kg+1| ¢

= Kk. Kg A 2‘€j2w/\~/d_1 2
Kp+1Ky+1\2nvd

such thatSs =% 0 if condition C2 is fulfilled. The proof
concludes by evaluating the diagonal terms @f'G, i.e.,
4 [G”G],, which also converge in the mean-squared sense
when conditions C1 and C2 are fulfilled. O
Discussion:These two scenarios showcase that wheneverngte that the above result holds for a very general fading
the LoS vectors are either (a) aligned in the complex plane piodel as outlined in (1). Although Proposition 1 is an asymp-
(b) have similar angular characteristics, the channelogdh totic result we can utilize it even for a finite number of anten
nality breaks down. As a matter of fact, the higher the valuggs to replacaz G ~ E [GHG] with very good accuracy
of « and~ are, the further away from favorable propagation WE0]. Most importantly, such a substitution can facilitate
move. Interestingly, Scenario 4 is a special case of Sa@8ari performance analysis of massive MIMO with different linear

since it requires only correlated angular characteristtte yrecoding/detection schemes in which the random @€#G
that stronger LoS conditions (i.e. high#f-factors) will only  gppears very often [1].

make things even worse as it will be extremely difficult to
discriminate any two channel vectohg andh,. IV. NUMERICAL RESULTS

,asM — 0. O

D. Implications We now provide numerical results to verify our analysis.

Putting everything together, we conclude that massieur first performance metric is the capacity per user:
MIMO will not fail if these mild conditions are fulfilled: 1 I
- C = —logy det (I + p,B"B) , (15)
oy . B Rihy L
M2 wherep, is the normalized transmit power ali®i= GD'/2,
9 - tr(REQRk) .0, as M — oo, Vké=1,....L (8 WhereD istheL x L diagonal matrix containing the large-
7HM ) scale fading coefficients, which are generated using thesinod
h,/'h — i
03 |h; hy| 50, as M — oo, Ykl=1... L. (9) of [11]. To explore the effects ofermi~ternd, we consider
M? two special cases for the covariance matrix:

—0, as M — oo, Vk,£=1,....L (7)
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Fig. 1: (a): Capacity per user CDF for non-LoS channels, 8, = 0; (b): Capacity per user CDF for rando#d,; (c):
Average SE per user with maximum ratio combining (MRC).
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o Case 1 (uncorrelated fadingR, = I, for all &k = of M. We consider a two-user network with, = 60°,
1,...,L. D = diag[0.749,0.546], K1 = K, = 1, whereas all other

« Case 2 (variable correlation): We use the one-ring corrparameters are kept the same. In line with our theoretical
lation model [10]. With the one-ring correlation modelanalysis, we study three detrimental scenarios: in Scerari

the (7, j)-th entry of Ry, is given by we assume thdi, = \/Mugl) ; in Scenario 2 we assume that
L Al Ri = Ry = diag[M/2, M/(2M —2),...,M/(2M —2)] and
Rilij = 7/ e~I%5G—D)sin(ér) gy, - (16) In Scenario 3, we assume thiai = h,. All three scenarios
28k J- Atk make the SE saturate with/, whilst the most destructive
where A, is the azimuth angular spread correspondirgfenario is when the LoS responses are aligned.
to the k-th user, ¢ is the nominal direction-of-arrival, V. CONCLUSION

A is the wavelength, andl is the antenna spacing. \we have identified a set of scenarios under which massive
Furthermore, the LoS component is modeled as in (6)MIMO can potentially fail in Ricean fading channels. These
For now, we choos@/ = 100, L = 10, p, = 0dB, and hiﬂf- extreme scenarios require non-vanishing alignment betwee
wavelength antenna spacing. In addition, theingles{¢g} LoS vectors and/or between the covariance matrices and the
are i.i.d. uniform random variables, distributed®27] while | oS vectors. In case a massive MIMO system encounters such
D = diag[0.749,0.546, 0.425, 0.635,0.468,0.31,0.64,0.757,  a case, any standard scheduling scheme can compensate for th
0.695,0.515]. Figure 1(a) shows the cumulative distribution operformance loss by dropping the highly-correlated uskssa
the capacity per user fdi, = 0 and different azimuth angular final remark, we point out the small variations of the capacit
spread (in degrees). With;, = 0, the channel does not havearound its mean value across all cases in Figures 1 and 2,
the LoS component, and hence, the effecttefn2 can be which corroborates the theoretical findings of Proposition
exclu§|vely expl0|t§d. We can 'see.that the capacity for the REFERENCES
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