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Abstract—The impact of training on the performance of mil-  selection or user selection methods are proposed [7]-[@0].
limeter wave multi-user r.nultiple-inpyt.multiple-outpgt d pwnlin!( [7], a two-stage MU hybrid precoding method is proposed and
systems based on hybrid analog/digital beamforming is inwi- jts performance is analyzed in several regimes includirgy th

gated in the regime of a large number of transmit antennas undr large-antenna-array regime and the limited feedback regim

the uniform random single-path channel model. In particular, the [8], a beam selection method is proposed for mmWave MU-
performance loss with respect to the number of training beam is MIi\/IO systems with analog beamformers at the BS and each
quantified for general training-based data transmission shkemes -
with several different training beam designs when full training user. In [9] ar]d [10], the performance of random beamforr.nllng
is not applicable. Our analysis provides insights into effetive 1S @nalyzed in sparse mmWave channels and new efficient
training beam design and simulation result validates our aalysis. ~ Scheduling methods are proposed by exploiting the sparsity
of mmWave channels. However, most previous works on
mmWave MU-MIMO systems including [7]—[10] implicitly

Keywords—millimeter wave MU-MIMO dawnlink, impact of  5qqume full training which induces heavy training overhead

training, hybrid beamforming architecture
In this paper, we consider mmWave MU-MIMO downlink

systems based on hybrid A/D beamforming. Note that with

hybrid A/D beamforming the channel estimation based on

The millimeter (nmWave) technology is one of the lead-UPlink signals and channel reciprocity is not directly apgitle
ing candidates for future wireless access networks [1]. Théince the measured uplink channel at the baseband aftealdigi
mmWave technology can use the large bandwidth available ifP-analog conversion is the product of the BS analog beam-
the mmWave spectrum from 30 to 300 GHz to provide highforming matrix and the actual wireless channel and the desig
data rates based on the large bandwidth. However, the prop8f the BS analog beamforming matrix is left independent of
gation characteristics in the mmWave band are not so fyend| the uplink signals. Thus, we here consider a general doknlin
mmWave signals experience large path loss and blockagéaining-based data transmission scheme (described g ste
Overcoming this large path loss and blockage in the mmwavé-1 to A.3 in Section Il) and investigate the impact of traigi
band is a major challenge to realizing the mmWave technology’" the performance of the general training-based mmWave
Fortunately, due to the small wavelengths of mmWave signalgMU-MIMO downlink system. In particular, we focus on the
large antenna arrays can be placed into small physical spacknpact of the amount of training and the beam shape on the
and it is possible to perform highly directional beamforgiin Performance of mmwave MU-MIMO downlink and analyze
based on large antenna arrays to compensate for the latye p&f€ performance loss associated with the amount of training
loss in the mmWave band. However, there are several practic@Nd the beam shape relative to full training in an asymptotic
challenges to highly directional beamforming based onearg regime (for large scale antenna arrays) in which the number
antenna arrays. The first is the hardware limitation. Thafis ©f transmit antennas tends to infinity.
each antenna is attached to a radio-frequency (RF) chain and
an analog-to-digital or digital-to-analog converter, #raount Il. SYSTEM MODEL
of required hardware is too large since there are many aatenn
elements in a large antenna array. The second is that the\rlﬁ1

exist too many beamforming directions to initially search t : : : .
y g y ch chains simultaneously servé users with/N receive antennas

find the desired users and their channel gains with a Narrow., .+ “\ve assume that each user has a single RF chain and
transmit beam with a high beamforming gain. In other Words'perfo.rms analog beamforming with th§ receive antennas.

been much efort 1o resoive the above ssuos both n singie-u HENCe: the BS iansmits only one siream 10 each user and

(SU) mmWave multiple-input multiple-output (MIMO) and the maximum number of users simultaneously served by the

multiuser (MU) mmWave MIMO, e.g., hybrid A/D beamform- BS is the number of RF chains of the BS. So, we s_|mply set
rEn K = Mpgp. We assume that the BS performs hybrid beam-

ing and efficient training signal design [2]-[10]. In padtiar, - ; : :
in the case of mmWave MU-MIMO, which is the main focus fq\r/rg:]ngytcihtge;r(ogﬁgso\]{vgz\}f;i ?(V%azigﬁ:{n gg;m?grrmﬁglx

of this paper, several hybrid A/D beamforming methods, bean&I

I. INTRODUCTION

We consider a mmWave MU-MIMO downlink system
ere the BS with\/ transmit antennas antzr (< M) RF

atrix W = [wy, - -- ,wg]| at the baseband, whewey, is the

This research was supported by the Cross-Ministry Giga K®Roject dlgltal bea.mformmg vector for usér and anM/ x M anamg
of The Ministry of Science, ICT and Future Planning, Kore&@@No1oo, ~Peamforming matrixU = [uy, -+, ug,] at the RF band.
5G mobile communication system development based on mmWave Then, the precoded (beamformed) downlink sigras given
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by x = UWd, whered = [dy,--- ,dk]T is the K x 1 data  with M transmit antennas and each user used/adrthogonal
symbol vector assumed to be a zero-mean Gaussian vector witbceive beams available witN receive antennas to estimate
varianceP; /K, i.e.,d ~ CN(0, %I), and P, is the average the N x M channel matrix. In this case, the total number of
total transmit power. We normalize the digital beamformingtraining overhead required for channel estimation is gibgn
matrix W such that| UW/||2. = K to have the total transmit M N. However, it may be practically unreasonable to execute
power constraint?, = E[||x|?] L |UW|%. Note that the full training method since a long training period is reeed

if UEU = 1, the constraint|UW |2, = K is reduced for a large-scale antenna array at the BS operating in the
to |W|2 = K. For simplicity, we consider a narrowband mmWave band and this reduces the data rate significantly.
fading channel model. (For wideband channels, OFDM carf herefore, it is necessary that the BS performs partiahitngi

be adopted and the considered model here corresponds to op@sed on a smaller numbes of training beams than the

subcarrier channel in this case.) Then, the received sighal number/ of transmit antennas, yielding a shorter training
userk at the N receive antennas is given by period. Then, a natural question arising in this casevsat is

the performance loss relative to the full training performance

K ..
when only S (K = Mgrr < S < M) training beams
r, = HyU E: Windpm + g, (1) are used and how should we design the training beam set
m=1

{t1,---,t5}?" In this paper, we investigate this performance

where Hy, is the N x M channel matrix that represents the loss for several different training beam designs.

downlink channel between the BS and ugerand n; ~
CN(0,1) is the noise vector. With receive analog beamformingba
of userk, the final receiver output of uséris given by

Al

K
vk = Vi HU Y Windo, + viiny, (2)

m=1
wherevy, is the analog beamforming vector of uger

To model the sparsity of mmWave channels, we adopt the
widely-used geometric channel model with, scatterers for
userk and assume that the antenna configuration of the B%-2
and each uset is the uniform linear array (ULA). Thus, the
channel matrixH; between the BS and uséris given by
[11], [12]

Ly,
MN
H; = \/L:kz ariar(¢ri)ar(Or:)" .
=1

Here, a;; is the i-th path gain of userk; ¢, and 6y ;
are respectively the normalized angle-of-arrival (AoA)dan
angle-of-departure (AoD) of path of user k& generated ac-
cording to the uniform distribution on the intervi+1,1),

®3)

A.3

The overall procedure of the considered downlink training-
sed data transmission scheme is described in the below.

During the training period, the BS transmifs analog
training beam vectorét;}?_, to K users in the cell and
each userk estimates its channel state information (CSl)
by sweeping itsV receive analog beam vectqrsk_,j}g-vzl

for each transmit training beam vector. Here, we assume
that{t;};_, and{v ;}}_, are sequences of orthonormal
vectors.

After the training period is over, each usecomputes

(4)

{v},t;} = argmax |v,ngktl-|;
Vik,jsti

determinesv;, as the receive analog beam vector to be
used during the data transmission; and feeds some channel
quality indicator (CQI) denoted byF;, which will be
defined soon, back to the BS.
Based onFy, the BS properly designs the transmit analog
beamforming matrixU and the digital beamforming
matrix W, and serves thd< users with the designed
beamforming matrices.

. i.i.d. . .
i.e., ¢r,i,0k; ~ Unif[—1,1]; and the ULA steering and Several different feedback methods can be considered éor th
response vectors of the BS and useare respectively given aphove scheme, and the achievable sum rate of the scheme

by ar(0) = \/Lﬁ[laf”e, - e MV and ap(¢) = depends on the type of CQF, from each user and is given
ﬁ[l,e‘”‘ﬂ oo e (N=DAT wherey = /—1. * as follows.
i) Fi = the corresponding beam index tf (partial CSI

A. The Considered Training-Based Data Transmission
Scheme: Downlink Training, Feedback, and Achievable Rate

In this subsection, we describe the considered training-
based data transmission scheme. In the considered scheme,
we employ the classical MU-MIMO downlink training based
on beam sweeping [13] adapted to hybrid A/D beamforming.
The BS sequentially transmits analog training beam vectors
to the space in the cell and each user estimates its channel
by sweeping all of its receive analog beams for each transmit
training beam vector. For example, in the full training nueth
the BS transmits all\/ orthogonal training beams available

*The normalized AoA (AoDY € [—1, 1% is related to the physical AoA
(AoD) ¢ € [—m/2,7/2] asf = m [11], whered and A are the
distance between two adjacent antenna elements and ther caavelength,
respectively. We assume the critical spatial samplingloX = 1/2 in this
paper.
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feedback): In this case, we can choose the analog beam-
forming matrix asU* [t7,--- ,t%] and the digital
beamforming matrix asw = 1 to yield single-beam
matched filtering. Then, the average achievable sum rate
in this case is given by

K
=E | ) log(1 + SINR,(U*,T))
k=1

index
Rsum

(5)

where

% hHUwy |2
1‘+'§% E:rn¢k|ii£{IJVVnJ2
andhf’ := v;fHy is the receiver-filtered channel vector

of user k. The amount of feedback required for this
scheme is one integer for each user.

SINR,, (U, W) = (6)



ii) Fr, = [hffty,---  hHts]T (full CSI feedback): In this
case, we can design the analog and digital beamformin -
matrices at the BS by solving the following problem: ;

K

full _
Rt =E gawx;log(HSINRk(U,W)) )

oD

I~

|

T
under the conditiond] = [t;];cz and [UW|32 = K, 1| ‘
where 7 is the index set of chosen transmit beams SESSEEERIRAAERR= P

NN EEN EEN EEEEEEE N

Ui AU | —

i

2
§
)

out of the S training beams{t;,--- ,ts} with |Z| =
K = Mgrr < S. Note that the number of possible
combinations forU is (%) The amount of feedback = B i
required for this scheme &S real numbers for each user. Al LUl UL
i) F = some CQI between) andii): This case includes @ ®
various feedback schemes. For example, the two-stag.
fﬁ?dback scheme C(t)nSIfdt?]r.ed Im [7] %efl_fongstt? tr::ﬁfdas‘z:ig. 1. (a) Beam patterns of_ the considered sets$ dfaining beams (9),
€ average sum rate or this class IS difrerent 1or arireren 10), and (11) versus normalized AoD (from top to bottom)d dh) the

Fi, but is lower and upper bounded as corresponding representations in the normalized AoD domai
Reim” < Roum(F) <Rl ¥ Fe (8

sum?

o Dtimes larger
<
fod

[T T ST 1 1 [ 1111

for i = 1,---,5, whereD = L and 9, = ¢ + 201

B. The Considered Training Beam Vectors with ¥ ~ Unif[—1, -1 + 2/M], and we assume thagt
In Section II-A, we did not specify the training beam set ~ divides M for the sake of simplicity.

for beam sweeping. There can be many types of training beamgote that the main lobe width of each narrow beam is given
[13]. For example, in the case of full training wifll transmit by % In the case of the wide beam, the main lobe width is
antennas, one can considgr = [0, - - 0,10, ,0]",increased by factob but the beam pattern gain is reduced by
i—th factor v/D, as shown in Fig. 1(a). Fig. 1(b) shows the visual
t; = ap 2(1_]\;1) , a randomly-spread beam over the entireillustration of the three considered sets of training beams

AoD domain (typically encountered in the compressed sensinth® normalized AoD domain with sidelobes hidden.

(CS) based channel estimation for mmWave MIMO), orthe For the receive analog beams, we assume that each user

th column of anyM x M unitary matrix. However, in this paper k uses a set ofV orthonormal analog beamforming vectors
we consider the beamforming-type training beams since it igiven by

reasonable to assume that the training beam itself should be (i _ 1

beamformed to identify channel elements by overcoming the Vi; = ag (@k + (37_)) , for j=1,---,N (12)
large path loss in the mmWave band. To investigate the impact ’ N

of width and coverage of partial beamforming-type trainingwhere ¢, ~ Unif[—1,1]. In this paper, we assum¥ < M
beams on the performance of mmWave MU-MIMO downlink, and full receiver training with theV beam vectors at the
we consider the following three sets $ftraining beams which  receiver side.

differ in the combination of width and angle coverage:

B.L S consecutive narrow beams with the spacing %f I1. A SYMPTOTIC ANALYSIS OF IMPACT OF TRAINING
between two adjacent training beams in the normalized Rate analysis of hybrid A/D beamforming systems is

AoD domain: difficult since the constraints for analog and digital beamf-
() 2(i — 1) ing matrices are intertwined. Furthermore, mmWave MIMO
t,” =ar(¥;) =ar (19 + Vi ) ) 9) channels are sparse in the AoD and AoA domains and thus
many available results in rich scattering channel envirents
fori=1,..-,5, whered ~ Unif[—1,1] is the random  are not applicable. To circumvent these difficulties andyaea
offset. the impact of training on the rate performance of mmWave
B.2 S narrow beams equally-spaced in the entire intervaMU-MIMO downlink, we adopt the uniform random single-
[—1,1] of the normalized AoD domain: path (UR-SP) channel model capturing the highly-directlon
S 20 — 1) propagation in the mmWave band [2], [7], [9], [10], [15],
£ = ar (19+ S ) (10)  [16], which is given by (3) withL, = 1 for all k, and

apply asymptotic techniques with the numbér of transmit
fori=1,---,5, whered ~ Unif[—1, -1+ 2]. antennas tending to infinity to capture the situation of darg

B.3 S wide beams each of which is the normalized suniof scale transmit antenna arrays. We Ket= M7 with ¢ € (0, 1)
consecutive narrow beams (Woodward Lawson synthesignd S = M* with ¢ € [¢,1) for K and S as functions of\/

[14]: to implement our assumptioR’ < S < M in the asymptotic
D regime of M tending to infinity.
1 . . . .
u"B = = Z e ™a(M=1)/25 1.(9,), With the above assumptions, the main theorem regarding
D d=D(i—1)+1 the rate performance of the three training beam designs B.1,

(11) B.2, and B.3 is given in the below.
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Theorem 1. Under the UR-SP channel model (3) with
L, =1 and fixedN and P,, asM — oo with K = M¢?
(¢ € (0,1)) and S = M’ (¢ € [g,1)), the average sum
rate R ;... (F) of the training-based data transmission scheme
described by steps A.1, A.2 and A.3 scales as

0.8H

:
- --Wide beams

—— Equally-spaced narrow beams
- - -Consecutive narrow beams
—s— Theoretical line

o(M7) for B.1 Y,
Roum(Fi) =4 O (Mlog(1+ M*~%"1)) forB2  (13) 06l e,
q l—q . Prres

O (M?log(1+ M 7)) for B.3, M=400.2000,10000. ?7,,,,
regardless ofFj, whereo(-) and ©(-) are the small-o and N ’
big-theta of Bachmann-Landau notation (asymptotic nomgti 04y Lol £,
respectively. P F

Proof: Proof is omitted due to space limitation. [ | 0_2;:‘1‘:‘/ o
It can be shown that the average sum r&tg,,,, of the full ____,_‘—"'_‘,,:j','
training method scales as P PPTTT LR |
N 4 0.6 0.8 ]
Riwm = O (Klog(l + M/K)) (14) ¢

= O(M?log(1 + M'~9)), (15)

. Fig. 2. versus? wheng = 0.4.
asM — oo. From Theorem 1, we have the following corollary. a

Corollary 1: Eq. (13) in Theorem 1 can be re-expressed Theorem 2 gives a rough answer to our intial question

as “what is the performance loss of partial training relatiee t
o(K) for B.1 full training in mmWave MIMO downlink?” since the ratig
Reum(Fi) =3 © (Klog(1+&24L)) for B.2 (16)  of Raum(Fr) to RE,,, is quantified as an explicit function

of ¢, ¢ and the type of training beams. For B.3, the ratio
linearly increases from to 1 as/ increases frony to 1. For
where¢ = 7 (< 1) is the ratio of the number of training B.2, ;; starts to increase from 0 dt— ¢, which is larger
beams to the number of transmit antennas. thangq for ¢ < 1. In the case of B.1, the asymptotic rajiois
zero for/l € (q,1).

© (K log(1 + g%K)) for B.3,

Proof: (16) is simply obtained by substituting/? = K
and M*‘ = S into (13). [ ]

The relative rate performance of partial training to thafudf
training can be captured by the rafiof R g, (Fi) to R:

sum’?

ie., = R%(f’“) Then, by combining the above results, we
have the following theorem regarding

IV. NUMERICAL RESULTS

In this section, we provide a numerical result to validate ou
asymptotic results in the previous section. All the expémts
were performed over 100 channel realizations and we set
P, =1, N = 4 and Mgrr = K. Fig. 2 shows the ratio

Theorem 2: The ratiop converges to w(= %ﬁ) for each type of training beams verstigor
M = 400.2000,10000 when ¢ = 0.4. Since we modeled
(Q)’E,q,l for B.1 and¢ (({;lq) K = |M?] in this simulation, we haveX’ = 10,20, and
p— g forB2andle (54,1) (17) 39 for M = 400, 2000, and10000, respectively. We computed
f%g, for B.3 and/ € (¢, 1) Rsum (Fr) and R, by simulating the two-stage feedback-

based hybrid precoding design method proposed in [7] with
the assumption of perfect CSI at the second stage. It is seen
Proof: It is obtained by simple manipulation with substi- that the curve of. of each type of training beams gradually
tuting (13) and (15) intqu. m converges to each theoretical line &6 increases. Note that
there exists some gap between each theoretical asympitic |

Corollary 1 states that we have a degree-of-freedom (DoF)nq the finite-sample result. This results from the slow cdte
loss for Rsum () compared toR?,,, for the training beam  convergence.

design B.1. On the other hand, when the training beam B.2 is
used, we have full DoF but an array-gain loss &t This
implies that when we use narrow training beams, equally- _ ]
spaced entire-angle covering beams have better perfoemanc In this paper, we have considered mmWave MU-MIMO
than the consecutive beams covering a small range of anglé®wnlink systems with hybrid A/D beamforming and exam-
if K users are spread over the entire angle domain. Thied the impact of training on the rate performance of system
performance difference between B.1 and B.2 results fronYVe have quantified the performance loss w.r.t. the nunshefr

the fact that the equally-spaced beams additionally exploitraining beams in large-scale mmWave MU-MIMO for three
the major side lobes to estimate to some extent the chann&leaningful different types of training beams under the UR-
components between the boresights of two adjacent beam3P channel model that captures mmWave MIMO channels.
whereas the consecutive beams do not. In the case of B.3he provided results in this paper give some insights ineo th

we have full DoF and the array-gain loss of omlywhich is  impact of training design in mmWave MU-MIMO and more
smaller than¢? since0 < € < 1. efficient training beam design is left as future work.

asM — oo.

V. CONCLUSIONS
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