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Abstract—The downlink transmission in multi-user multiple- T?Im'ﬂ?'s
input multiple-output (MIMO) systems has been extensivelystud- ‘
ied from both communication-theoretic and information-theoretic Y’ o, Yo
perspectives. Most of these papers assume perfect/impecfe i{ / \Q :
channel knowledge. In general, the problem of channel estiation Base 5 S
is studied separately. However, in interference-limited emmu- Station | . ! .
nication systems with high mobility, the problem of channel M_\( <I| ﬂ
estimation is tightly coupled with the problem of maximizing gﬁ‘;:fj

throughput of the system. In this paper, scheduling and pre-
conditioning in the presence of reciprocal time-division diplex ) )
(TDD) training are considered. In the case of homogeneous Fig. 1. Multi-User MIMO TDD System Model
users, a scheduling scheme is proposed and an improved lower
bound on the sum capacity is derived. The problem of choosing

training sequence length to maximize net throughput of the impact of training, scheduling and pre-conditioning on the
system is also studied. In the case of heterogeneous users, fhroughput of the system.

modified pre-conditioning method is proposed and an optimied Th f ltiol ¢ instead of sinal t t
pre-conditioning matrix is derived. This method is combineal with € use or mulliplie antennas Instead Or single antennas a

a scheduling scheme to further improve achievable weightesum ~ the transmitter and receiver in a point-to-point commuinice
rate. system has been shown to greatly improve the capacity of

the wireless channels [6], [7]. Later, the sum capacity ef th
I. INTRODUCTION multiple-input multiple-output (MIMO) Gaussian broadtas
channel has been shown to be achieved by dirty paper coding
Downlink transmission in a multiple antenna setting i$DPC) [2], [8], [9]. Recently, it was shown that DPC actually

both a well studied and a complex problem with myriadchieves the full capacity region of the MIMO Gaussian
parameters. A natural problem to be studied in this seténgbroadcast channel [10]. In addition to the assumption that
to maximize throughput on the downlink while constraininghannel is perfectly known at the transmitter and the recsjv
the complexity at the terminals to be minimal. The problef@PC scheme requires enormous computational power making
of multi-antenna downlink transmission has been previoust challenging to implement in practice. Motivated by this,
studied from many different perspectives [1]-[4]. In manyany precoding and scheduling schemes have been proposed
of these papers, the channel is assumed to be knownt@-obtain near-optimal performance with low complexity in
priori either perfectly or imperfectly at the base-statawd/or certain scenarios [11]-[14]. However, these schemes &are no
terminals. The distinguishing feature of this paper is that applicable to the scenario we consider.
study the problem with no assumptions on channel knowledgeWe first look at the homogeneous users scenario, where all
both at the base-station and terminals (users). In additiarsers have same forward and reverse signal to interference-
we consider very realistic and difficult communication regi plus-noise ratios (SINRs), and obtain a rigorous lower lgoun
when the forward SINRs are low(0 dB). We consider this on the sum capacity. The lower bound obtained in this paper
regime since interference from neighboring base-statimes is tighter than the lower bound given in [5]. The improvement
not allow one to make SINRs larger. Specifically, the scenartomes from the scheduling strategy used which is simple,
we study is the following: ar/-element antenna array at theand in fact even considerably reduces the computationat com
base-station, and single antennas atAhe< M) autonomous plexity of pre-conditioning. In this context, we also study
terminals as shown in Fig. 1. The channel is assumed ttee problem of optimizing the training sequence length and
undergo block fading with a coherence intervallobymbols. the number of users to maximize net throughput of the
A time-division duplex (TDD) operation is considered. In aystem. Next, we look at the more general heterogeneous user
TDD system, the reverse channel and forward channel sharecanario and study the problem of maximizing achievable
reciprocity relationship. Our system model is a genertibma weighted-sum rate. We propose a modified pre-conditioning
of the system model considered in [5]. We look at the netethod and obtain an optimized pre-conditioning matrixamnd



M-large assumption. We combine this method with a simple I1l. CHANNEL ESTIMATION
scheduling strategy to take advantage of instantaneousieha channel reciprocity is one of the key advantages of TDD
variations gnd further improve lower bound on the weightegs,stemS over frequency-division duplex (FDD) systems. We
sum capacity. o ) ) exploit this property to perform channel estimation by $an
We organize the remaining sections of this paper as followgitting training sequences on the reverse link. Every user
Section Il describes the system model and Section Il emplaiyansmits a sequence of training signalsrgf symbols dura-
the reciprocal TDD training used. Section IV and Sectiofion in every coherence interval. We assume that theseingain
V describe the schemes proposed to increase achievaggauences are known a-priori to the base-station. Atfie
sum/weighted-sum rate in homogeneous and heterogenegis transmits the training sequence vegiot, %1- We use

gser_s sc\ejrarl(és(,j_respectlvely. Wel provide n;mgnca\l/ﬁesul orthonormal sequences which impligsy; = §,; whered;; is
ection VI and discuss our conclusions in Section VI. the Kronecker delta. The use of orthogonal sequencesatsstri
A. Notations the maximum number of users t9,, i.e., K < 7.

In this paper, bold font variables denote vectors or madrice The corrupted training signals received at the base-statio

All vectors are column vectors.)”, (-)*, (-)T andtr(-) denote T
transpose, conjugate, Hermitian and trace, respectilily. Yr =y H E, 2T+ V, (3)
and var{-} stand for expectation and variance operationsherer,, x K matrix ¥ = [¢); ¢ --- ¥k and the compo-
respectively.diag{a} stands for theL x L diagonal matrix nents ofM x 7., additive noise matri®v, are i.i.d.CN(0,1).
with diagonal entries equal to the components oh. The base-station obtains the LMMSE (linear minimum-mean-

square-error) estimate of the channel
Il. MODEL DESCRIPTION

T
The base-station with/ antennas communicates with the ¥y _ diag [ VPriTrp  /PrETrp ] YT, (4)
K independent users on both forward and reverse links as L+ priTrp L+ preTrp "

shown in Fig. 1. The forward channel is characterized b

K x M propagation matrixH. We assume independent-yh's estimateH is the conditional mean oH and hence,

Rayleigh fading channels, which remains constant over!3® MMSE estimate as well. By the properties of condi-

duration of T symbols called the coherence interval. Thdon@ mean and joint Gaussian distribution, the estinidte

entries of the channel matrB are independent and identically!S Independent of the estimation eréf = H — H. The -

distributed (i.i.d.) zero-mean, circularly-symmetricngplex components ofl are independent a.n.d the elements of its

GaussiarC'N (0, 1) random variables. Our model incorporate§”” row areCN (0’ %)' In addition, the components

frequency selectivity of fading by using orthogonal freqag  of H are independent and the elements of it§ row are

division multiplexing (OFDM). Note that the duration of theg (0’ 1 )

coherence interval in symbols is chosen for the OFDM sub- Lt priTe

band. Due to reciprocity, we assume that the reverse channel IV. HOMOGENEOUSUSERS

at any instant is the transpose of the forward channel. In this section, we focus on the special case where forward
Let the forward and reverse SINRs associated withuser SINRs from the base-station to all users are equal and also

beps, andp,i, respectively. These forward and reverse SINReverse SINRs from all users to the base-station are equal,

remain fixed throughout the channel uses. On the forward linke., pp1 = -+ = psx = pr andp,1 = -+ = prx = pr-.

the signal received by the'" user is

A. Scheduling and Pre-Conditioning on Forward Link

sk = /Pyk hi st +wp (1) The base-station selecd(< K) users among th& users
and pre-condition the information signals to be transmlitte
theseN users. The scheduling strategy used to select the users

{ﬁl(gxplained in Section IV-C. Let the set of users selected

noise vectofws wys - -+ wyk] are i.i.d.CN(0,1). The aver- be SN fg {1’2§]' -, K} with N O.“St'm,:t erlltnes. The hpars]e-
age power constraint at the base-station during transmnissptation forms thel/ x 1 transmission signal-vecta;, whic
is E[||s¢||?] = 1 so that the total transmit power is fixeqdrives the antennas, from the information symbol-vegier

T BT
irrespective of its number of antennas. On the reverse linkL 92~ an] f_o_r the selec_ted users by pre-multlpl}u_ng_n
the vector received at the base-station is with a pre-conditioning matrix. We use the pre-conditi@nin

whereh! is the k'* row of the channel matri¥ and s¢
is the M x 1 vector in which information symbols to be
communicated are embedded. The components of the addi

matrix L
_ T At ~ N -
xr = H E;s; + wy (2) A 7 HSN (HSN HLN) (5)
wheres, is the signal-vector transmitted by the users BEnd= Sy L 1
diag{[\/pr1 /Pr2 - - - /Pr&|’}. The components of the addi- tr [(HSNHTSN) ]
tive noisew, are i.i.d.CN(0,1). There is power constraint at

every user during transmission given Bff|s,||?] = 1 where which is proportional to the pseudo-inverse of the estichate
syi IS the k" component of,. channel. TheV x M matrixHg, is formed by the rows in set



Sy of matrix H. We use this pre-conditioning matrix because Adding E[g”] to and subtracting@[g”] from g7 in (11),
of the lack of any channel knowledge at the users. The prge obtain
conditioning matrix is normalized so thHI(ATSN Ag,)=1.
The transmission signal-vector is given by
= \/W E [X] Gn + Wrn (15)

Sj=Asya (©) whereg! = g’ — E[g!] and 1@y, is the zero-mean effective
and the power constraint at the base-station is satisfied hgise. Since the signaf is independent of?" andE[g] = 0,
imposing the conditiofE| ¢, ||?] = 1,¥n € {1,--- , N}. From the signalg, is uncorrelated with the effective noise. Using
(1) and (6), we obtain the signal-vector received at thectede (13) and (14), we obtain the variance

users to be var {dy,} = E (&1 aq'g}] +E [[[wsa?]

zin=E[gr]a+&ra+w

xr=./pr HsyAsyq+wy (7) - n
hereHyg, is th ix f Nd bN h i fth =E[8,E [aq'| gn]&r] + E [wsml|’]
whereHs,, is the matrix formed by the rows in séty of the —E[¢7g] - E [¢7) E[g3] + E [[wsnll]
matrix H. 1
B. Lower Bound on Sum Capacity =L+ps (m + var {X}> : (16)

In this section, we obtain a lower bound on the sum Under the assumption that the users are aware of the
capacity of the system under consideration. The approachséheduling strategyk [x] is known to the users. We obtain
similar to that in [5], [15]. The lower bound holds for anya lower bound on the downlink capacity of every selected
scheduling strategy used at the base-station which sedectsser during data transmission by assuming worst-case noise
fixed number of users. Recall that the base-station perforglistribution, which is uncorrelated Gaussian noise wittnesa
channel estimation as described in Section IlI. variance [15]. Thus, from (15) and (16), we obtain (8) which

Theorem 1:For the system under consideration, every seempletes the proof. ]
lected user can achieve a downlink rate during data transmisCorollary 1: For the system with homogeneous users con-
sion of at least sidered, a lower bound on the sum capacity is

/B2 [y] @ Csum—1p = L - N - Cind—1p- 17)
1+py (+ + var{x}) C. Scheduling Strategy

14+prTrp
The need for explicit scheduling arises due the use of
RN pseudo-inverse based pre-conditioning of the informagion-
by y = (tr {(ﬁsNﬂgN) D _ bols. With perfect channel knowledge at the base-stafiba(
H) and no scheduling = K), the pseudo-inverse based

Proof: Let Hs,, be defined as the matrix formed by theyre_conditioning diagonalizes the effective forward ahein
rows in setSy of the matrixH. The N' x N effective forward 54 every user sees statistically identical effective oban

Cind—ip =1ogy | 1+

bits/transmission wherg is a scalar random variable given

channel matrix in (7) is irrespective of its actual channel. The inability to vareth
G = /pr Hsy A 9) effective gains to the users depending on their channadsstat
oNeer is due to lack of any channel knowledge at the users. This
=Vps (HSNASN + HSNASN) possibly causes a reduction in achievable sum rate. Metivat
B ~ by this, we propose a scheduling strategy which explicitly
VP (XIN + HSNASN) ' (10) selectsV < K users before pre-conditioning.

In every coherence interval, the channel estimate at the- bas

From (9) and (7), we can write the signal received byiHe L . -
) () g y station is used to select th¥ users with largest estimated

user as S A
i T T T -
T =gld + wen (11) channel gains. I__eh(l),h(Q), - i E)e the norm ordergd
- " . rows of the estimated channel mat. Then, the matrix
whereg,, is then® row of G. From (10), we obtain Hg, is given byHg, = [hq) he) -+ hy]T and the lower
~ bound in (8) becomes
&l = o7 (xel + 1%, A, ) (12) ® )
o 3 , s (li,%) E? [1]
whereh{ . is then' row of Hg, ande is the N x 1 Cing—1n = log, | 1+ - -
vector withn!” element equal to one and all other elements L+ py (1+pmp + 1fpfﬁi‘p Var{ﬁ})
equal to zero. From (12), we obtain ) (18)
. - + —-17\ " 2
E[g!] = /o7 E[x]ef (13) Here, random varlgble; = Str [(UU ) D .WhereU
is the N x M matrix formed by theN rows with largest
and norms of aK x M random matrixZ whose elements are

1 iid. CN(0,1). We provide numerical results showing the
T _x7 X 2 )
Elene] =rs <]E ]+ 1+ prTrp) ' (14) improvement obtained by using this strategy in Section VI.



D. Net Achievable Sum Rate Here, random variablér is given by

Net achievable sum rate accounts for the reduction in fem 1 -1
achievable sum rate due to training. In every coherencevaite oF = (tr [(FZZ F) D (23)
of T" symbols, firstr,.,, symbols are used for training on reverse

T
link, one symbol is used for computation (same assumptigthereF = D - diag{ [,/1_’;;1:7 RY. %] } and
. .. r rp r rp
as in [5]) and the remaining — 7., — 1 symbols are used for ; ;o w0 7o . 17 random matrix whose elements are i.i.d.

transmitting information symbols. The number of us&rand

- N(0,1).
the training lengthr,,, can be chosen such that net throughput
of the system is maximized. Thus, net achievable sum rate is

Proof: The effective forward channel in (21) is

defined as G =E;HAp
T=mp—1 —E; (D 'HipAp + HA
Cnet(J\/jv Pfs pr) = ;(nax #Csum—lb(') (19) - Hf DAD + D
subject to the constrain® < 7,, andr,, < min(M,T —2). =Ey (¢FD71 + HAD) . (24)

Csum-() in (19) is given by (17). The remaining steps in this proof are similar to those in the
V. HETEROGENEOUSUSERS proof of Theorem 1 and hence, we skip it. ]

In this section, we consider the general setting described M-large Asymptotics and Optimization of Pre-Conditiggi
in Section Il with heterogeneous users. Moreover, we Stu@¥atrix

the problem of maximizing achievable weighted-sum rate. . . .
problem . ng . 9 . We wish to choose the matriD such thatC\;_; in

The motivation behind this problem is that many algorithm . - . .

: . . : . (22) is maximized. However, this problem is hard to analyze.

implemented in layers above physical layer assign weig

t

. . consider the asymptotic reginld /K > 1. Apart from
to each user depending on various factors. We assume éatk. . . .
P 9 ing the problem mathematically tractable, this asymtipto

these weights are pre-determined and known. We prOposr&gime is interesting due to the following two reasons. i) In

modified pre-conditioning method and derive an Optimizeours stem model, we observe that extra base-station aagenn
pre-conditioning matrix unde¥/-large assumption. We further y '

. o : . . are always beneficial from numerical results given in Sectio
combine this with a scheduling strategy to obtain an impaov . . . .
. . I. This observation was first made for homogeneous users in
lower bound on the weighted-sum capacity.

[5]. ii) The system imposed constrainks < 7, andr,, < T

A. Modified Pre-Conditioning restrict the value ofx.
The base-station obtains thef x 1 transmission signal- It is known thatlim k..o ZZ" — MIx whereZ is the
vectors; by pre-multiplying the information symbolg = K x M random matrix whose elements are i.i@N (0,1).

[q1¢2 - qx]” with a pre-conditioning matrix as explained inTherefore, under M-large approximation, random variafle
Section IV-A. We propose a modified pre-conditioning matriid (23) can be approximated to

given by i (ﬂDﬁTD)_l b L,Q (25)
Ap = (20) tr (F=2)
\/tr {(flpfﬂ,)_l} which is a constant. Substituting (25) in (22), we get

1

S ~ . -1 _1 -1 K
whereHp = DH andD = dlag{ [pl PPy % e pKzJ } Cuwti ~ J(p) = Zwl log, | 14 _Bipi (26)
i=1

The choice ofD is explained in Section V-C. From (1), we i‘: .
obtain the signal-vector received at the users = iPj

xp = BrHApa+wy (21) wherea; = (‘1£;j:ri‘p)7l andf; = 1+pf‘.(ﬁf;ofrinp)’l '
whereE; = diag{[\/p;1 /P12 - /Prl }- Theorem 3:Letp = [p1p2 - - - px]T be any vector of non-

negative real numbers ansl = argmaxp J(p) then the set

B. Lower Bound on Weighted-Sum Capacity , : o
In thi . lize the | bound derived of possible values op* = ¢p* wherec is any positive real
n this section, we generalize the lower bound derived iy, o and>® = [ 75 - - p]” such that

Section IV-B to heterogeneous users and weighted-sum rate.
Theorem 2:For the system under consideration, a lower [ wi 1\*
bound on the downlink weighted-sum capacity during trans- pi = Ma; B

mission is given byCut—u» The positive real numbex* is chosen such that the constraint

(27)

K K
. IE2 o . e
_ Zwk log, [ 1+ prkpkE” [OF] S ;P = 1 is satisfied.
k=1

' i=1
1+ prr (m +pkvar{¢p}) Proof: We use Lagrange multipliers to obtain this result.
(22) Due to lack of space, we do not include the proof herem



The optimizedp™® given by (27) is substituted in (20) to

~

obtain the optimized pre-conditioning matrix. We use thi ngﬂgmg:gmzj
optimized pre-conditioning matrix even whéhis comparable 6{|-8-Scheme-1, M = 8
-B-Scheme-0, M = 8
to M. 2 ||--Scheme-1, M =16
_ § 5/|l-e-Scheme-0, M = 16
D. Scheduling Strategy g
A
In our system model, pre-conditioning cannot depend on tl 3
instantaneous channel as no channel information is aveila EE ,
to the users. Hence, we need explicit selection of users § "°~.~°
take advantage of the instantaneous channel variatiorkisin a ' a
section, we propose a scheduling strategy for heterogene .
Q
users. N

Letz],zl,---,zL be the rows of the matrix

7 8 9 10 11 12 13 14 15 16
Number of Users (K)

T
1+ PriTrp 1+ PrKTrp I’_‘I 28
DriTr T OrKTr (28) Fig. 2. Lower bound on the sum capacity with scheduling (8ehé) and
rlirp racrp without scheduling (Scheme-0)

whereH is the estimated channel given by (4). In every cohe

Z = diag

ence interval, the users are ordered such Higf|z(,)[|* > S steme L T=20

= -B-Schi -0, T =20
p(2)||z 2)H e > p*K)HZ ) |? and information symbols s *‘;Sghzmg_l;ﬂo
are transmltted to the firg¥ users using the pre-conditioning -©-Scheme-0, T = 30

matrix formed by the appropriate rows of the optimized pre
conditioning matrix as described in Section V-C. The valfie
N is chosen in order to maximize achievable weighted-su
rate. We denote this Iower bound on achievable weighted-st
rate with scheduling by, (-).

Net Achievable Sum Rate
= N
s & =

[
T

E. Net Achievable Weighted-Sum Rate
We define net achievable weighted-sum rate as 0L
T— ‘ ‘ ‘ ‘ ‘ ‘

Cwt—net(M, K, pr, py) = max %CM w() (29) % 4 6 8 10 12 14 16

Trp Number of base-station antennas (M)

subject to the constraints, > K andr,, < min(M,T —2). _ _ _ .
Fig. 3. Net achievable sum rate with scheduling (Schementl) without

V1. NUMERICAL RESULTS scheduling (Scheme-0)

We provide numerical results in both homogeneous and

heterogeneous users scenarios to show the performance p@Rerve that the net achievable sum rate increases Mith

efits obtained using the various proposed schemes. We fjieall schemes. As expected, the proposed scheduling sshem
interested in the realistic communication regime when &dv (Scheme-1) outperforms Scheme-0.

and reverse SINRs are low. We consider this regime sincein Fig. 4, we plot the optimum values’,, N* and K*,
interference from neighboring base-stations force systean which maximize net throughput, versus forward SINRToE
operate in this regime. Moreover, we are interested in higy symbols. Here, we fix the reverse SINR to be 10 dB less
mobility users. Hence, we choose the system parameters tfgdin the forward SINR. In all the cases plotted, the optihize
these scenarios. value of the number of user&™ = 7. From Fig. 4, we

establish that the scheduling gains are more at low SINRSs.
A. Homogeneous Users

We consider forward SINR; of 0 dB and reverse SINR B. Heterogeneous Users
pr of —10 dB. First, we keep the training sequence length We consider a multi-user system consisting &f = 8
equal to the number of users, i.e., = K. In Fig. 2, we plot users with forward SINR§—4, —3,—-2,—-1,0,1,2,3} dB and
lower bound on the sum capacity with scheduling (Schemesherence intervall = 20 symbols. We assume that the
1) and without scheduling (Scheme-0) fof = {4,8,16} reverse SINR associated with every uset(sdB lower than
and K = {1,2,---,M}. Note that Scheme-0 is the lowerits forward SINR. Next, we assign a weight 2fto the first
bound obtained in [5]. The proposed scheme gives significdour users and unit weight to the remaining users. The plot in
improvement which implies that the scheme is capable Bfg. 5 of net achievable weighted-sum rate versidisclearly
performing opportunistic scheduling. Next, in Fig. 3, wetpl shows that using more antennas at the base-station is bene-
net achievable sum rate versu¢ for T = {20,30}. We ficial. Scheme-2 denotes optimized pre-conditioning with n
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various system parameters as discussed in the paper.

In multi-user multiple antenna systems, scheduling and
pre-conditioning are practical schemes that can poténtial
improve the net throughput of these systems. We proposed
scheduling schemes in both homogeneous and heterogeneous
users scenarios and showed that these schemes significantly
improve achievable sum/weighted-sum rate. The optimized
pre-conditioning derived is applicable to the generic case

AN M =16

. r:p, M =16
10 _@_N*Y M= . H 4

o ||BTyM=8
§ oy 5
5 IZEI‘---EI-”-”-E---”-E R e S N .}
§ 6 X---B—-B8 -1 -8 E---E
8 BeeBeA O--- -
'sg DA T 1
P SR 1

12

8 10 14 18
Forward SINR (dB)

20

Fig. 4. Optimum values of parameters versus forward SINR

with arbitrary set of weights, forward and reverse SINRs.
N bt Also, the optimization involved is computationally simg@led
can be implemented efficiently. As future work, we plan to
extend these ideas to design a cellular network with agiyeess
frequency reuse supporting high mobility and high downlink
rates.

ACKNOWLEDGMENT

The authors would like to thank T. L. Marzetta for helpful
discussions on this topic. This work was supported in part by

-©-Scheme-3
-B-Scheme-2
< Scheme-0

(4]
p
8-

(1]

IN

(2]

] 3]

a

Net Achievable Weighted-Sum Rate
w

[
T

(4]

o

28 32

16 20 24
Number of base-station antennas (M)

(5]

Fig. 5. Net achievable weighted-sum rate with optimized-qmeditioning

(Scheme-2) and this combined with scheduling (Scheme-3) 6]

(7]
scheduling and Scheme-3 denotes optimized pre-conditjoni
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10
VIl. CONCLUSION ol
Our results show that even in interference-limited and lyigh
mobile communication systems, the effective use of mutip
antennas at the base-station greatly improve net downlidRl
throughput in multi-user setting. We conclude that it is ad-
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