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Abstract—We analyze the performance of massive MIMO
systems with N-antenna users. The benefit is thatV streams can
be multiplexed per user, at the price of increasing the chanel
estimation overhead linearly with N. Uplink and downlink
spectral efficiency (SE) expressions are derived for anyV, and
these are achievable using estimated channels and per-udeasis
MMSE-SIC detectors. Large-system approximations of the SE
are obtained. This analysis shows that MMSE-SIC has similar
asymptotic SE as linear MMSE detectors, indicating that theSE
increase from having multi-antenna users can be harvestedsing
linear detectors. We generalize the power scaling laws for assive
MIMO to handle arbitrary N, and show that one can reduce the
multiplication of the pilot power and payload power as ﬁ where
M is the number of BS antennas, and still notably increase theES
with M before reaching a non-zero asymptotic limit. Simulations
testify our analysis and show that the SE increases witiv. We
also note that the same improvement can be achieved by sergn
N times more single-antenna users instead, thus the additiah
user antennas are particular beneficial for SE enhancement aen
there are few active users in the system.

I. INTRODUCTION

Massive multiple-input multiple-output (MIMO) is a wire-

analysis for massive MIMO systems with multi-antenna users
to understand how the additional antennas should be used.
Extensive capacity analysis has been conducted for small-
scale MIMO systems with multi-antenna users, but mainly
with perfect channel state information (CSI) [6].] [7]. The
papers [[8]-+[10] account for imperfect CSI in point-to-poin
and multiple access MIMO systems, but no large-system
analysis is provided to study the massive MIMO behavior. For
a fixed CSI estimation overhead, [11] claimed that it is lyette
to serve many single-antenna users than fewer multi-aatenn
users. This claim has not been validated in massive MIMO.
In this paper, we analyze the SE of a massive MIMO
system with estimated CSI and any number of antenias,
per user. Lower bounds on the sum capacity are derived for
the uplink and downlink, which are achievable by per-user-
basis MMSE-SIC (minimum mean-squared error successive
interference cancellation) detectors and only uplink tpilo
Large-system approximations of the lower bounds are furthe
obtained, which are tight a&/ grows large. Furthermore, we
generalize the power scaling laws froml [2[J) [3] to handle

less multi-user communication technology that has attthCtarbitrary N. The analysis shows that equipping users with
huge research interest the last few years. By employing hyfultiple antennas can greatly enhance the SE, particularly
dreds of antennas at the base station (BS) and serving tenggHtly loaded systems where there are too few users to éxplo
users in each cell simultaneously, a drastic increase indBE ghe full multiplexing capability of massive MIMO withV' = 1,

be achieved and simple coherent linear processing tecesiggnd the benefits can harvested by linear processing.
are near optimal[J1]=[3]. Therefore, massive MIMO is one

of the key technologies for the next generation of wireless

networks.

Il. SYSTEM MODEL
We consider a single-cell system in time division duplex

Existing studies of massive MIMO focus on single-antenfdDD) mode where the BS has/ antennas and serves
user devices[]1]5]3]. However, contemporary user devicgsers within each time-frequency coherence block. Each use
already feature multiple antennas in order to boost the $Eequipped withV antennas. We assume that each coherence
of the network as well as the usefg [4]. Since many devickock containsS transmission symbols and the channels of all
(e.g., laptops and vehicles) have moderate physical sizesers remain unchanged within each block. Ggt € CM*V
the deployment of five or ten antennas per device is hightignote the channel response from ugeto the BS within

realistic, particularly for systems that operate at midier

a coherence block. The fading can be spatially correlated,

wave frequencies [5]. It is necessary to conduct performangue to insufficient spacing between antennas and insufficien

scattering in the channel. We use the classical Kronecker
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where entries ofG,, , € CM*¥ follow independent and
identically distributed (i.i.d.) zero-mean circularly mynetric

1 1
Gk = Rﬁ_’ka,ka_’ka
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complex Gaussian distributionR,; ;, € CV*V represents the is still a reasonable option to enhance the SE. Hence, the
spatial correlation at usdr andR,,.,, € CM*M describes the received signal at the BS is
spatial correlation at the BS for the link to userThe large-

K K
. . _ 1 1
scalle fading parameter is |ncludedR}7§Iand canbe extracted  y _ Z G, Fix, +1n = Z H,AZP?x; +n, (5)
as 37tr(Rrx). Let Ryx = UpA, Uy be the eigenvalue 1 1
decomposition oR; i, whereUy, € CV*¥ is a unitary matrix . ,
and Ay, — diag{ ey, -+ , As.n} cONtains the eigenvalues. wherexy ~ CN(0,1y) is the transmitted data symbol from

userk andn ~ CN(0,0%I,,) is additive receiver noise.

: _— Since the BS is only aware of the estimated CSlI, the effect

A. Uplink Channel Estimation of the channel uncertainty on the mutual information of MIMO
During the uplink pilot signalling,B = NK orthogo- channels need to be addressed. For our system and signal

nal pilot sequences are needed to estimate all channel ®iodel, we develop a lower bound on the mutual information

mensions at the BS. Denote the pilot matrix of ugder betweenx = [x;,---,x;] andy (with the imperfect CSI

as F, € CV*B, Suppose each user only knows its owdl = [Hy,--- ,Hg] as side-information) in the following

statistical CSI,R; %, then based on[13], the pilot matrixtheorem.

that minimizes the MSE of channel estimation under the

pilot energy constraintr(F,F/) < BP, has the form of Theorem 1 Cpnsider the multiple access MIMO channel

F) = UkLévg, where P, is the maximum transmit power " @), given imperfect CSH = [H,,--- , Hg] at the BS,

of userk, Ly, = diag{lp.1, - ,lxn} distributes this power Whereh_k = vec(_Hk) is given in [3). A lower bound on the

among theN channel dimensions, ardd;, € CB*N satisfies Mutual information betweer = [x;,--- ,x;] andy is

VIV, = BIy and VIV, =0 if k # [. Thus, the received R K R R
signal at the BS is 1 (y,H;x) > Z]E{log2 ‘IN + QkaHEka‘}
k=1
- S syT MxB K
k=1 k=1 1 ’

1 ~ ~
where we definefl, = R?, G, Uyx and D, = A L, WwhereQp = APy, and 3 = (3, HIQH + Z +
with d; being itsith diagonal elementN is the receiver o2I,,)~' with Z = 31 SN N pin(Rey — ®1,). The
noise that followsvec(N) ~ CN(0,0°Ip.), Wherevec(:) expectation is computed with respect to (w.r.t.) the channe
is the vectorization operator. Assume that the BS knows tketimates and- | denotes the determinant of a matrix.
statistical informatiorDy, then from [13] the MMSE estimate poqf. The proof is similar to that in[8] and thus is omitted.

of hy, = vec(Hy) is The capacity lower bound in Theoréh 1 is an SE achievable

. N o2 -1 by using a per-user-basis MMSE-SIC detector while treating

h; = (D,i ® Rr,k) ((Dk @Ry k) + EIMN) bx, (3) co-user interference as uncorrelated Gaussian noise.x-or e
ample, with imperfect CSI at the BS, the signal f[om user

l . . . ot E .
whereb, = Vec(%YkVZ) — vec(H;D} + ﬁNVZ) and® k is transmitted through ar] effelctwe chand}Q/, and is
corrupted byn.,; = y — HxQ;x; which is uncorrelated

denotes the Kronecker product. Lle;;l be theith column of -1 . ! .

Y1, then and hasXx, as covariance matrix. Supposg, is chosen
from a Gaussian codebook, then by applying MMSE-SIC

N ap B, i=7, detection tox;, and treatingn., s as uncorrelated Gaussian
E {hkvihk J} = { 0, Ty £ ], 4)  noise in the detector, we can obtain the ergodic achievable S

in Theoren{dL.

where®;, ; = di. ;R x(di; Ry i + ”—3211»1)_1R7-,k- Theorentl is a generalization of the achievable SE analysis
in prior works on massive MIMQOL]2], ]3]. Whe®v = 1, our

B. Uplink Achievable SE expression reduces to their corresponding results.

o Since the SIC procedure can be computationally complex,

When the receiving BS knows the perfect CSI of all useggother option is to treat th¥ data streams as being transmit-
precoding directions of each user that maximize the Su@ detect theN K streams independently. Based on the same
capacity coincide with the eigenvectors of their own spatithethodology as in[[15], the MMSE detector that maximizes
correlation matrix[[14]. LeF;, € CV* denote the precoding the uplink SE of thetth stream of use; is
matrix of userk in the uplink payload data transmission phase, .
thenF), = U,P?, whereP;, = diag{py,1, - ,pr,n} With fri =/ Aipr,i X, @)
tr(Py) < Py is the power allocation matrix. Although in ourywhere ¥ = (2];1 + ﬂkaﬂkI?)fl_ Applying the linear
work, the BS is only aware of the estimated CB}, = U, P}  detectorf;,; to the signal in[(b), an uplink achievable SE of



userk is The user can also apply a linear MMSE detector for symbol

N detection based of{l11). Dendig; as theith column ofHy,
Rm!\chE = ZE {log, (1+ nzll)} ®)  then with knowledge o, the MMSE detector for theth
=t stream of usek that maximizes the corresponding downlink
where the SINR of théth stream is SE isry,; = Eihy;, whereE;, = £ + H,H/ . Applying
2 .
Neipis f,ﬂflk,i ri; to (I1), the achievable SE of uskris
e = — — () N
" E {f;ﬁ (yyH - Ak,ipk,ihk,ihgi) £ i H} RMMSE = ZE {log, (1 + Uglz)} (13)
1=1

Since interference from the user's own streams is not SUP- e the SINR:A' . of its ith st :
pressed by, ;, it is intuitive that RS'G > RNMSE. ere the SINRy;;; of its ith stream is

|rkH,il_1k7i|2

. (14)
vy E{zrzf by — [l hy )2

C. Downlink Achievable SE ng'i -

To limit the estimation overhead, we assume no downlink
pilot or CSI feedback from the BS to users. This is common Intuitively, the MMSE-SIC detector will have a higher
practice in massive MIMO since only the BS needs CSI foerformance than the MMSE detector in the downlink. To
achieve channel hardening. Hence, the users has no instaotenpare their performance in massive MIMO systems, we
neous Csl except to learn the average effective chakfhel:  derive their asymptotic SEs in the large system limit in the
AZE{HI'W,}Q/7, and covariance matrix of the interferencéext section.
term. LetW, € CM*N be the downlink precoding matrix
associated with uset and letQ;, = diag{wyi, -+ ,wr N} _ _ _ _ _
allocate the total transmit powef, among theN streams. In this section, approximations of the SEs in Theoigm 1

Then the total transmit power from the BSYS/_, P,. The and[2 that are tight for large systems are derived for fixed
received signal at user is - power matriced.;, P, and$2,. We consider the large system

regime whereM and K go to infinity while N remains
constant since the users are expected to have a relativaly sm
number of antennas. In what follows, the notatibh — oo
refers to K, M — oo such thatlimsup,, K/M < oo and
wherex; ~ CN(0,I,) is the downlink signal intended for lim inf ,, K /M > 0.

userl andn; ~ CN(0,0%Iy) is the additive receiver noise. )
Without loss of generality, let uséruseU?! (the eigenvector 1h€orem 3 For the uplink MMSE-SIC detector on a per-user

outlo / : _ : N . ;
matrix of its own correlation matrix) as a first step detedtor Pasis, a large-system approximation/f!, in Theorentl is
adapt to the channel correlation, then the processed ezteiv

N
. . _ 1
signal is RE.',% £ ZlogQ <1 + Mtr (P T) )\k_,ipk_,i) , (15)

i=1

IIl. ASYMPTOTIC ANALYSIS

K
yi =G’ Y WiQ2x +n, € CN, (10)
=1

H SrrH - 3 H
z, = Uy yr = AL Hy Zwlﬂl x; 4 Uj ng. (11)  sych thatRSS — RS'S — 0 where T = T(%;) is
o : ,

— 00
. . ) obtained by Theoreriil 5 in Appendix A with = o2/M,
A Iowgr bound on.the mutual informatio(zy; xx ) is devel- g _ Z/M, andRy, = \ippi By, with b= (I — 1)N +i.
oped in the following theorem. e

Proof: The main idea is to derive the large-system approxima-

Theorem 2 Consider the downlink signal model ifi{11)tion of hi!;Zyhy,; which is the(i, j)th element oft}! %), H,.
given the average effective chani#), = A7E{HIW,}Q? Due to the mutual independence among the columnH pf
of userk. The mutual information betwees), andx;, is only the diagonal elements &1/ 3, H;, remain asM — co.

I (z1;%k) > log, [Iv + HYERHy| £ R§lS,  (12)  |n comparison, the large-system SE approximation of the
— 1 " - 1 g \1 linear MMSE detectoif;, ; can be derived by following the
whereEy, = (A E{H} > (Wi W )Hi}AZ +0°In) ™. same procedures ifi [15]. The SE approximatiom}y >t —

£k N ul
- log, (1 W) where
Proof: See AppendiXB. 2= 1082 (1)
The lower bound in Theoreml 2 can be achieved if user Tl )‘k.,ipk.,i(sl%,i 16
k applies MMSE-SIC detection ta; when regar_dingﬁk i = > NowPinartkiin + a0k (16)
as the true channel and the uncorrelated teym- H;x; is () #(L,0)

treated as worst-case Ga_ussmn noise in t_he detector_.é’rh@)r \%hereékyi — Lx(®,,,T), with T being given in Theoreffi 5.
generalizes the conventional SE analysis of massive MIM (0T )

. (P n i "
from N =1 to arbitrary N. Hhyiln = m andd; = +;tr(®,,;T"). Both



T, andT” are obtained by Theorel 6 in the appendix with 200 _ —

Uplink approximation: MMSE-SIC
p =37 S =qp andRy = Xipri®y; (b= (L = 1N i), ®_ Downiink approximaton: MNISE SIC
except that® = i’k ; for T , and® = Z + %1, for T".

By comparing [(IB) and Theore[ﬁh 1, we can see that for the
MMSE-SIC detector, the inter-stream interference of a user
caused by imperfect CSI vanishes asymptotically, and drdy t
inter-user interference remains. For the linear MMSE detec
however, the inter-stream interferenéep:== remains in[(I5)
as well. However, the impact of this part reduces to zerd/as
grows. It shows that the SE improvements with multi-antenna
users can be harvested in massive MIMO by linear detectors, % 50 100 200 300 400
thus a simple hardware implementation is possible. Number of BS antennas

Next, we derive large-system approximations of the dowRty 1. Uplink and downlink achievable sum SE as a functiothefnumber
link performance. The precoder used by the BS can be asfyBS antennas fokK = 10.
linear precoder such as the matched filtering (MF), block-
diagonal zero-forcing or MMSE precoding. Due to the limited
space, we only consider the MF case:

W = L H,. (17)
\/IE {tr (ﬂkaH)} Lemma 1 For the uplink MMSE-SIC receiver on a per-user
basis, if the pilot power is reduced &5 = Ma 0 ) and the
payload powers i®), = -7 P'"”, thenRy'S — Ru, b
Theorem 4 For the downlink MMSE-SIC detector and they where Mmoo
linear MMSE detector, if the BS utilizes the MF precoder, the

S . (0), (0)
large-system approximations of the SEs in Thedrem 2[add (14) _ ol 219 k,iPh.i
are the same, which is Ry = Zlogz 1+ ﬁk)‘k,iﬁ , (19)

25 o7)
R 2 Yo (14

sic  ASIC _ «N ~ Proof: The result can be obtained by deriving the SE with
such thatfRgy — Haj 0, wheredy = 3 ;- i the power reduction, and investigating the limiting bebavi
ok = a7tr(@y;) andy, = rtr(Ry Doizk Zl 1 5 ®1:).  of each parameter. The detailed proof is omitted.

[
[o2]
o

o Downlink simulation: MMSE-SIC 1
— = = Uplink/Downlink simulation: linear MMSE—©

120

o]
o

iy
o

Achievable sum SE (bit/s/Hz)

considered in this sectiont/ goes to infinity while X' and
N are fixed.

2

Ak,iWh,i aek Z . . K (0)y
7 | (18) with z=0if 0 <a <1landz =3, Bitr(AP”) if a=1.
]\/I’Yk’)\k,i + UM =1 t

Proof: The proof is similar to Theoreid 3 and thus omitted.
Theoreni# shows that the SIC processing at users does loetnma 2 For the downllnk MMSE-SIC detector and the

bring any advantage over the linear MMSE detector in tHdMSE detector, ifL, = = ( ) andQ, = A= ,(c , then
downlink. The reason is thdf, is a diagonal matrix, which Rdl = Rdl g ——0 where
means that no inter-stream interference is introduced im th Moo

assumed true channel. Therefore, the SIC processing tseneit N (0);(0),
necessary nor beneficial when there are no uplink pilotss Thi Rdl = ZIOgg <1 + BB, — (O;k;\ k,ivzjr,z 2)) . (0)
"0 (PEAkY T O

result has positive influence on the design of user devicessi Pt
it indicates low hardware requirements and simplifies the SE
iz At (0)
optimization. with vy, = % €0,1.y=0if 0<a<1and
. 0
IV. POWER SCALING LAWS y = Zz . Zl ) wl(:)vz Jifa=1.

It is shown in [2], [3] that forN = 1, the transmit power

can be reduced with retained performance as the number of B®of: The result can be obtained by plugging the reduced
antennas grows. Next, we generalize the fundamental resulpower into Theorerfll4 and compute its limit &8 — cc.

handle any fixedV. Notice thatR,, , and Ry, are fixed non-zero values inde-
Assume the pilot power is reducedh§ = L(O and the pendent of\/. Consequently, when the number of BS antennas

payload powers ar®; = 7= QP(O and Qy, = 7= QQ(O) is large enough, we can reduce the multiplication of thetpilo

where0 < a < 1 and the(e )(0> matrices are fixed. We power and the payload power q§ and achieve a non-zero

considerR, ;, = BrIx where g, is the large-system fading asymptotic fixed SE. When = 0.5 and N = 1, our results

of userk, so that the correlation matrix at the BS remainseduce to thel /v/M scaling law for the pilot/payload powers

unchanged asV/ grows. A different large-system limit is proposed by([2].
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Fig. 2. Power scaling law foK = 10, N = 3, a, = 0 andas = 0.4. Fig. 3. Achievable sum SE as a function K for M = 200.
V. SIMULATION RESULTS (slightly) beneficial. The optimalV K is around100, which

) ) ) requires 100 active users per coherence blodK & 1. With
We consider a cell with a radius df00 m. The user ,i_antenna users, more realistic user numbers are iguffic
locations are uniformly distributed at distances to the BS @, reach the sweet spot oF K ~ 100. Therefore, additional
at least70 meters. Statistical channel inversion power controlsar antennas are beneficial to increase the spatial nexitig
is applied in the uplink, equal power allocation is used ie th, lightly and medium loaded systems.
downlink, and the power is divided equally between tNe
streams of each user; i.€4l1; = Bip1i = 15> andwy; =Py, VI. CONCLUSIONS
wheref; = -tr(R,.;), with p/c? being set ta) dB. P, is set
to a value such that the cell-edge SNR (without shadowin
is —3dB. The exponential correlation model from [16] i
used forR; ; andR, ;. The correlation coefficients betwee
adjacent antennas at the BS and at the usersapg&r*
and a,e?%*, respectively, witha,, = a; = 0.4, and Ok, Ot i

We analyzed the achievable SE of single-cell massive
IMO systems with multi-antenna users. With estimated CSI
r}’rom uplink pilots, lower bounds on the ergodic sum capacity
were derived for both the uplink and the downlink, which are
achievable by per-user MMSE-SIC detectors. Large-system S
uniformly distributed in[0, 27). The coherence block lengthZz'f)erc?t)g;nr?ggn:nv;ir;mdpigggdp:?fgrz];r\:\fetgi?rt\iltgretgmt\ﬂiii_r?elg
is S = 200, which supports high user mobility. AN . o

PP g v MSE detector, indicating that linear detectors are suffiti

The uplink and downlink sum SE of the MMSE-SIC an . ) .
MMSE detectors are shown in Figl 1. It shows that the e handle multi-antenna users in massive MIMO. We general-
| jzed the power scaling laws for massive MIMO frakh= 1 to

detectors achieve almost the same SEs, which verifies {ﬁ - . |
conclusion that a linear detector can achieve most of the géltraryN. We showed tha_lt the SE m_creasgs p but for.
ixed value of NK the highest SE is achieved by having

. . . . . a
improvements from equipping users with multiple antennzﬁK single-antenna users. Hence, additional user antennas
are mainly beneficial to increase the spatial multiplexing i

in massive MIMO. Moreover, although the pilot overhead

increases90% and 75% performance gains are achieved fo .

the uplink and the downlink, respectively, by increasiig systems with few users.
from 1 to 3 for M = 200. Fig.[d also verifies the tightness of APPENDIX A
the large-system approximations derived in Theoreims 3’and 4

i ifi - i heorem 5 ([17]): Let D € CM*M andS € CM*M pe
Fig.[3 testifies the power scaling laws m.Lem@S 1 &nd é‘ermitian nér[me]g]ative defir€1ite and Bt € (CMXEB be random

Results fora = 0.5 anda = 1 are shown. It is observed that,it, independent columnly, ~ CA’ (0, L R,). Assume that

even with al/M reduction of the multiplication of pilot and p and R, (b=1,.... B), have uniformly bounded spectral

payload powers, a notable increase of SE can still be olataingorms (with respect tdZ). Then, for anyp > 0,
for an extremely wide range a¥/ before reaching the limit, .
especially forM e [50,1000] which is of practical interest. L (D (HHH +S+ pIM) ) LI (DT (p)) —>— 0,

Recall that the channel estimation overhesd( equals M Mo

the number of data streams that are transmitted. For a fix\%ereT(p) = (& Zle fr;bm + S+ pIy)~t, and sy, is
number of data stream¥& K, the system can schedulé K defi o () _

. efined asy, (p) = lim;—o0 6, (p), b =1, ..., B where
single-antenna users and send one stream to each user, ofr b
schedule fewer multi-antenna users and send several stteam B -1
each. The downlink performance of these different schaduli 5" (p) = L (Rb <L > % +S+ pr) )
approaches is compared in F[g. 3 fof € {1,3,10}. The M M =140 ()
power per stream i¥; as in Fig[1. Fig[B shows that for any o )
given NK, schedulingNK single-antenna users is alwaydor ¢ = 1,2,..., with initial valuesé,” = 1/p for all b.



Theorem 6 ([17]): Let ® € CM*M pe Hermitian nonneg-

ative definite with uniformly bounded spectral norm (with

respect toM). Under the same conditions as in Theofém 5, :
itr — Lt

> Lir (DT ()

whereA = HH + S + pI,; andT/(p) € CM*M s

MZ o ; T(p). 22)
T(p) and &,(p) are defined in Theorem] 5,
[61(p), -, 0t (p)]" 18 8" (p) = (I = I(p)) "' v(p)

_ ﬁtr (ReT (p) RiT (p))
IO = T 5 ()

(6]

a.s.

(DA™'@A™Y) —— 0 (D)

(8]

/ [9]
T (p) =

T (p) OT (p)
[10]
where

[11]

,1<bl<B (23)

v (), = 17 (RyT () OT (), 1 << B, (24) [z

APPENDIXB
PROOF OFTHEOREM[Z [13]
According to the definition of mutual information, we have

= h(xi) — (25)

whereh(-) denotes the differential entropy. Then choosing the

potentially suboptimak; ~ CA/(0,Iy) yields [15]
h(xy) (26)

Meanwhile, letx; be the linear MMSE estimate of;, given
z, andHy, thenk;, = Hk =z, Where

-1
1 1
B = <A,§1E{ }Ag +021N> . @7

Moreover, letx;, = x;, — X, denote the estimation error of
xk, thenh(xyg|zy) is upper bounded by the entropy of a zero-
mean Gaussian vector that has the same covariance matrix as
X1, and therefore, can be expressed as

[14]

I(Zk;Xk) h(Xk|Zk),

= log, |meln]|.
[16]

K [17]

H{ Y Wi Wi H,

=1

< log, |7reE {ikikH}‘

1Og2 |7T€ (IN — I:IkHEkI:Ik)‘ y

h (xk|zx)

(28)

where the expectatioi{-} is with respect to the stochastic
channel realizations. Plugging (26) arid]1(28) infa] (25), and
applying the matrix inversion lemma, we hawezk,xk) >
log, |IN + Hk _.kal Where._.k = (h‘k - HkHH) |
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