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Abstract— In fading MIMO channels, there is a tradeoff
between the time (or energy) spent gathering CSI and
the remaining time in which to transmit data before the
channel loses coherence. The tradeoff is more pronounced
in multiuser systems as the number of users- hence the
number of channel vectors to be estimated- increases,
and is inherently coupled with multiuser scheduling. We
consider a multiple access block fading channel with
coherence time T, n independent users, each with one
transmit antenna and the same average power constraint
pave, and a base station with M receive antennas and
no a priori channel state information. We construct a
training-based communication scheme and jointly optimize
the training and user selection: we find the optimal number
of users to be trained, Lo, and the optimal number to be
scheduled for transmission out of those trained, in order
to maximize sum rate. The optimal duration of training is
shown to be equal to L symbol times. We also show the
necessary and sufficient condition for training sequences
to satisfy. This optimized training-based scheme achieves
the same scaling law with increasing SNR as the non-
coherent capacity of a single user n x M MIMO channel:
Lopt (1 — L;pt)logz(pavg) + O(1) as pavg — oo, Where
Lopt = min(n, M, | Z|). We show this is also the scaling law
of the sum capacity of the associated non-coherent SIMO
uplink, hence our scheme is scaling-law optimal. Finally,
the asymptotic behavior of sum rate and throughput per
user under increasing n, M or T is explored.

Index Terms- non-coherent capacity, training, muliple-
access channel, multiuser scheduling.

I. INTRODUCTION

It 1s important for multiple-input multiple-output
(MIMO) transceivers to be robust to varying degrees
of channel state information (CSI.) While large
capacity gains are possible with MIMO architec-
tures when the channel response is known at the
receiver (see, €d. [1]-[3],) learning the channel
often requires the transmitters to allocate some
time and energy to send known training sequences
to the receiver. When channel variation is slow,
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hence the coherence time long, learning the channel
coefficients may be a good investment of time and
energy. On the other hand, when the coherence time
is relatively short, there is a tradeoff between how
much time (or energy) is used to learn channel
coefficients and how much time remains in which
to transmit data. This tradeoff has been explored
for a single-user MIMO channel by Hassibi and
Hochwald [4], where, under some assumptions, the
optimal fraction of the coherence interval to be used
for training has been found under different values
of signal to noise ratio (SNR) and other parameters.

The problem is more challenging in multiuser
MIMO channels, where training is inherently tied
to user selection (scheduling.) The multiuser setting
is of practical interest for the design of existing
and proposed communication networks such as
broadband wireless described by the IEEE 802.16
standard. Thus for concreteness, we will describe
the problem in the context of a wireless multiple-
antenna uplink, while the results could equally well
apply to other MIMO multiple access channels.

Specifically, in this paper, we will address the
joint optimization of training and scheduling in a
multiple access channel with n users where each
user has an average power constraint p,,,. Each
user (transmitter) has a single antenna and the base
station (BS) has M antennas. We assume block-
fading with a coherence time of 7', where the BS
knows the channel statistics but has no a priori
information about current realizations. We ask the
following broad set of questions: For a given M
and 7', how much time should be spent on training
and how many users should be trained within a
coherence interval? How many of those trained
should be selected to transmit data? How does the
sum capacity scale with the number of users and
NR?

Our approach is constructive: we design a training
scheme where each coherence interval is divided



into two phases. In the training phase, a (randomly)
selected group of L users send training symbols,
upon reception of which the BS estimates their
channel vectors. In the data transmission phase, a
subset of size KX < L out of the trained users are
scheduled to transmit data. We consider the maxi-
mization of sum rate by optimally setting parameters
such as the time and power allocated to each phase,
and the values of L and K. In order to do this, we
obtain a lower bound on the sum rate by extending
to the multiple access SIMO channel a non-coherent
channel capacity lower bound introduced in [5] and
also used in [4].

The high SNR regime is one where a training-
based scheme performs best, and consequently this
regime is of interest to us. We will show that
setting L = K = Lo = min(n, M, [T]) is
optimal, resultini in a sum rate (bits/channel use)

of Lopt<1 — L;Pt 1025 (Paveg) + O(1) as payy — 0.
This sum rate has the same rate of increase in
SNR as that in a non-coherent, single user, n x M
channel [6]. Also, we show that the sum capacity
of the non-coherent uplink also scales at the same

rate with SNR, implying that our scheme is scaling-
law optimal. The prelog factor, L gjl — Lopt

7 ), has
the physical interpretation as the number of parallel,
non-interfering point-to-point channels available for
data communication, and happens to be equal to
the degrees of freedom of the non-coherent single
user n X M channel [6]. Thus we prove that the
non-coherent n X M uplink channel has the same
degrees of freedom as its single user counterpart.

At high SNR, and as the coherence time of the
channel grows, we will find that the prelog factor of
the sum rate of our scheme approaches min(n, M),
the degrees of freedom available to a multiple access
channel with perfect CSI at the receiver. Again, as
the SNR, the number of users n or the number of BS
antennas grows, the scheduling gain vanishes (i.e.,
L = K becomes optimal) due to several factors that
will be discussed. In this regime, the optimal num-
ber of users to be trained (and allowed to transmit)
will be shown to be Ly, = min(n, M, [L]).

Meanwhile, we will observe that the throughput
per user strictly decreases with n. This is in contrast
to the coherent SIMO multiple access channel where
the per user throughput remains a constant for n <
M and drops with n only for n > M.

The organization of the rest of the paper is as
follows. We begin by describing the problem setup

more precisely in Section II. Next, in Section I1I, we
derive the sum capacity lower bound, to be used
as the main performance metric. We discuss the
optimal design of various parameters involved in
our scheme in Section IV. Section V contains the
asymptotic results. This is followed by conclusions
in Section VI.

II. PROBLEM SETUP

Channel Model: There are n users, each with
one antenna and the same average power constraint,
Pave> and a base station with M antennas. The fading
coefficients linking the users to the BS antennas are
i.i.d. CNV(0,1). The channel is block-fading, i.e., the
channel coefficients remain constant for a discrete
coherence interval 7' > 2 after which it changes to
an independent realization. The BS does not know
the realization of H, but knows its distribution.
Noise is Gaussian and independent across receive
antennas and time.

We shall restrict our attention to a training-
based non-coherent communication scheme consis-
tent with the scheme adopted in [4] for a single user
MIMO channel. According to this scheme, within
every coherence interval 7', there are two phases:
training, followed by transmission. Let ¢ € Z be
the index of a coherence interval.

Training Phase: In coherence interval ¢, L < n
users are allowed to train. Since the BS does not
have any information about the current channel
state, it chooses the L users on a random or round-
robin basis and these users transmit for 7% symbol
times (we assume the existence of a feedback chan-
nel on which the BS can inform the users of the
selection using negligible time and power.)

Each user transmits a vector of length 7', so the
vectors transmitted by all L users can be summa-
rized as the training symbol matrix S,, € CT**F
such that tr[S’.S..] < LT, (A* indicates the
Hermitian of the matrix A throughout this paper.)
Received signals at each of the M antennas for the
duration of training can be written in the form of a
matrix X, . € CT~>M:

XT7C = \/p_TST,CHT7C + VT7C7 (1)

where V,. € CT™*M s an AWGN matrix with
iid. CN(0,1) entries, independent of H;c pris
the training power level of each of the L active
users, giving the total training energy spent by all
the active users, in any coherence time, as p,LT.



At the end of the training phase, the BS finds the
minimum mean square error (MMSE) estimate of
H . as follows:

. [1 /1 -1
HT,C = . <_L T Si CST,C> S: CXT,CJ (2)
Pr \Pr 7 ’

A

with ﬁm = H,.— H,. being the zero mean
channel estimation error.

Data Transmission Phase: Having found the
channel estimate H, ., the BS uses it as if it were ac-
curate during the data transmission phase and treats
the estimation error as additive noise. It chooses a
subset of K users from these L users (according
to a performance criterion to be introduced soon.)
Let this subset be indexed by ¢ and p; be the data
power level of each of the K active users. Then, the
received signal on all M antennas during the data
transmission phase of length 7}; := T — T, can be
written as a matrix X, € CTe*M:

Xé,c -V pdsé,cHé,c + Vdi,c
= v pdSZ;l,c tfl,c + Vv pdSZ;l,c tfl,c + Vdi,c’ (3)

'

/%
Vd,c

where H, € C**M is constructed from the rows
of H,. corresponding to these K users, thc €
CTexK is the data symbol matrix that satisfies
Etr[S;.S;,] < KT, and Vj, € C'*M js an
AWGN matrix with i.i.d. CN(0, 1) entries. In (3),
X fl’c has been explicitly written in terms of the

MMSE estimate H, € C¥* of (the correspond-
ing portion of) the channel matrix, and Hj, 6 =

i.— M}, which is the zero-mean channel es-
timation error. Since all statistical quantities are
stationary across the coherence intervals, the suffix
c will hereafter be dropped w.l.o.g.

Note that the total data energy spent by all the
K active users in any coherence time is pgKTy.
Since paye 18 the average power constraint of each
user, with equal total energy (data and training of
all users) allotted to all coherence times, the total
energy spent in any coherence time is payen1’ thus
giving the relation pu,nT = pglalK + p 15 L.
Also, by the symmetry of the random/round-robin
selection of users, each user ends up spending the
same average POWET, Payg.

Note that using the channel estimate as if it
were perfect is not necessarily an optimal approach.
Nevertheless, the scheme we described, which is an

extension of the single-user training-based scheme
of [4], is interesting because it is practical, analyz-
able, and, as will be shown, scaling-law optimal.

In the next section, a capacity lower bound will be
presented. This bound will serve as a performance
metric upon which we shall study the effects of
various parameters like the training sequence (S,),
the training period (77), power allocation between
the training and data phases, the number of users to
be trained (L) and the number of users to be allowed
to transmit data (K).

III. PERFORMANCE METRIC

The performance metric we will use is a lower
bound on the sum capacity of the non-coherent
uplink, Cy.,, Which is a straightforward extension
of the non-coherent channel capacity lower bound
first introduced in [5] and applied to the MIMO
channel in [4].

Consider the channel in (3) for one symbol time
given by

T, = /pisyHy+ vy 4)
where s, %, and ¥, correspond to one row (i.e., one
channel use) of S%, X! and V! in (3) respectively.
Let I' be the mutual information between s/; and
given HY, i.e., I(s%; 4| HY). Then the lower bound
is given by, (see Appendix I in [7] for its derivation):

T-1T,

Crp(Ryi, Re) = E inf sup max .
PoiVip, i ¢ T
s
d

[i(pf)fi?psfi?Rijgang) (5)

The mutual information I° has been written as
a function of the signal and noise PDFs and also
explicitly as a function of the respective correlation
matrices R,: and Ry which are derived as follows:
The signal correlation matrix is R, = E[s’s)].
Since the users cannot cooperate and since we do
not perform power control across space or time
(other than multiuser scheduling), ng = Ig,Vi
(where Iy is the K x K identity matrix). The
correlation matrix of the zero-mean noise, 1‘12, 1S
given by

Ry, = B(VpasiHy+v))"(v/pasis +vl)
= paE[HYHY + Iy

(6)

For brevity we will refer to this capacity lower
bound as C}p hereafter. For the channel in (4),



by identifying the best case signal and worst case
additive noise (considering the mutual information
I") as Gaussian ( [4], [7]), it can be proved that,
with I}, = 1= TT log det (I + de_llHZ*HZ)

CLB

(7

Also, we show in the Appendix I of [7] that Crp
is also a lower bound on the maximum sum rate
achievable within the two-phased training scheme
described earlier, under worst noise and best signal

design conditions. Let us call this rate Ry, and
record this fact below.
CLB < Rﬁgﬁ; < C'sum (8)

Note that Cp is influenced by the training se-
quence used, the energy shared between the training
and the data transmission phases and the duration of
training. We consider the roles of these parameters
and how to set them in the following section.

IV. PARAMETER DESIGN

Within the training based scheme described in
Section II, the following three are design choices:
Training sequence S, Training power p.., and Train-
ing period 7.

In the light of the analysis in the preceding
section, it is tempting to choose these parameters
to maximize C1p. However, from (7), the effect
of these parameters on the capacity lower bound
is highly convoluted. For analytical tractability, we
relax the objective function and limit consideration
to a certain solution space. In particular, we do the
following:

« From (7), Cip = Emax; I}, > EI}, for any
fixed q. In the rest of this section, Ellqb, for a
fixed ¢, will be the objective function.

o S, is restricted to the class of training se-
quences that render symmetry in the esti-
mation error variance across the user sub-

2 2

sets, 1i.e., OH; = H],Vz J where O'~ =

- Etr[HiHY), Vi,
Training Sequence, S.: We now design the training
sequence by identifying an effective SNR term
that affects the objective function. Specifically, we
proceed by normalizing the noise correlation and the
channel estimate matrices in I}j as follows: Define
Ry = U%R,—,g , Where

S

1
2 _ 2
Oyt = — tr[Rye] = 1+ KpdaHg

i (€))

Let Hl := $H§ with a?ﬁ = = Etr[HY H}, Vi
Therefore,
, T-T, e
El} = - Elogdet(Iy + Peg e Hy HY),(10)
d

where pZ; is the effective SNR for the subset ¢ given
by

2
_ pdaﬁg o 1 1—|—Kpd 11
Pet =177 Kpaoh, KL+ EKpio,
since O' s +0 = UH = 1. As argued in [4], since
d

the tramlng sequence prlmarﬂy affects the objective
function in (10) through ple, we choose to maximize
Pl by minimizing o%,. Let,

L M

1 N
Y i
a:l b=1

~ (12)

where var[H,|,, indicates the variance of the

(a,b)™ element of H.. Observe that, if Q is the
number of subsets of K us;rs formed from the L

1 *
U%T = 2rF Etr[H H

, then ¢ o2

has QKM entries made up of variances of LM
elements in the A, matrix. Since the subsets we
form are symmetric with respect to all the users
and hence to all H, entries, each element has <X
representations in this summation. Therefore, we
have

) ) L
trained users, i.e. ) = K

Za%éMK = ) > var[H, ]abQ— (13)

and (12) becomes,

Q
1
oh = 0 § 01251; = agg, (14)
=1

where the last equality arises from our assumption

on S, that ensures o2, = o2, for all i,j. We
. The

H i)

d

therefore minimize a~ by minimizing a~
following condition on the training sequence is

necessary and sufficient for minimizing a% (see
Appendix II in [7]): .
StS, = T.Ip. (15)

Observe that we need 7. > L to achieve (15). This
constraint is intuitive because, during training, every
transmission gives us M equations. There are LM



unknowns, thus at least L transmissions are needed
in the training phase. With 7. > L, we can prove
that,

) . 1
Rﬁg = E[(VeCHg)(VeCHg)}:mIKM
1
2
= 16
% =TT (16)
Also, since Rpe + Rpge = Ixm, Rps =

B [(vee Hf)(vee Hg)"] = 1255 Iicry. Thus, Hf =

—L_[% has independent CA/(0,1) entries. We will
g4
use this property later. From (6) and (9),

1 [ de
o2, L1+ p. T,
d

Ry = In + IM} — Iy (17

pdeTT
1+ p, T+ Kpg

Pogg = (18)

Note that (16) applies to all ¢, thus S, renders
symmetry in the estimation error variance across
the user subsets. This is consistent with the as-
sumption we made in the beginning of this section
on S;. In fact, all the equations from (14) through
(18) apply equally well to any subset ¢ leading to
E I} = EI,Vi,j. Defining I, := I}, the objective
function can be rewritten as the following where
Peft = Pegr, Vi

T-1T;

EL, = Elogdet(Iy + peffﬁé*ﬁé)

(19)

Power allocation, «:: The energy consumed by the
active users in any coherence time is composed of
the energy used in the training phase and that in the
data transmission phase. It is possible to maximize
peft DY appropriate power allocation between these
phases. In each coherence time, the total energy
consumed by all the users is pan1 = p 1L +
pdTqk, where, recall that p,,, is the average power
constraint of each user. Let pgTy K = apayenT’ for
some a € (0, 1]. Then

(pavenT)? all —a)
TdK L+ pangLT — OépangLT(l —

Peff = L
)

(20)

The value of o that maximizes p.g is derived in
Appendix III of [7] to be the following:

1 T,=L
Qopt = Y= 7(7 — 1) Tq > L ’ where
vy+/yy=1) Ty <L
L+ payentT
v = Pave Q1)

pannT[l - TLd]

The intuition behind (21) will be apparent after we
discuss the design of the training period.

Training period design, 7. We now derive the train-
ing period 7). that maximizes E [j;,. It can be proven
(see Appendix IV of [7]) that E I;, monotonically
increases with Ty for 0 < T; < T — L. From
this, combined with the fact that T, > L (from the
argument following (15)), we conclude the value of
T’ that maximizes E Iy, is T o = L.

With 7. = L, using the result in (21), it can
easily be proven that p,L > p,,n > pg/K when
Ty > L and p;L < paen < pgK when Ty <
L, thus giving the intuitive physical interpretation
that, when more time is spent on data transmission
relative to training, less total power should be spent
on data and vice versa.

With this, we have optimized the parameters for
our scheme with the exception of L and K. To
summarize,

Sgnal Design: Gaussian symbols, i.i.d. across
space and time, with variance pg.

Training Period: T, = L, where L is the number
of users trained.

Training  Sequence:  Designed  such  that
S:S. = T.Ip. Since T, = L, the standard L
dimensional basis vectors (scaled by +/p,1.) can
be used as training sequences for the L users. This
gives the interesting physical interpretation that,
during training phase, each participating user gets
exactly one channel use to train its channel.

Power Share: The total energy spent on data is
pdlalX = apaend and the total energy spent on
training is p, 17 L = (1 — &) paygnT, where a = aopt
is given in (21).

User Selection Protocol:

o In each coherence time, during the training
phase, L users are selected either randomly
or by a round-robin technique to train their
channel.

« At the BS, after training is complete, a subset,

i™2*, of users is chosen such that ™™ =



argmax; I}, (or to maximize the mutual in-
formation if the signal and additive noise dis-
tributions are known and non-Gaussian) and
scheduled to transmit data, over a low rate
feedback channel.

Due to the inherent symmetry established by this
protocol, each user gets the same ergodic rate.
Since we may be dealing with possibly short
coherence times, interleaving of data symbols
across coherence intervals may be necessary to
achieve the promised ergodic rate. Thus each
user maintains a codebook of rate (T ) Cip and
interleaves its codewords across the coherence
intervals in which it transmits data.

Before concluding this section, using the de-
signed parameters, we update C'rg and peg as fol-
lows,

Cig = % E max log det(Iy + peﬁﬁé*ﬁé)
(22)
with peg in (20) rewritten as,
(e T=2L
pr =\ #Hran(WVI -V -1 T>2L
f@gﬁ(vf—' VI=7)? T<2L
where ~ = L+ paygnT T — L (23)

pavgnT T - 2L '

The remaining question is: What are the optimum
numbers of users to be trained (L) and allowed to
transmit data (/)? We explore this in the following
section.

V. ASYMPTOTIC ANALYSIS

In this section, we address the design of L and
K in regimes where various parameters such as the
SNR (pavg), the number of users in the system (n)
and the number of receive antennas (M) are large.
We also derive the scaling-law (w.r.t SNR) for the
sum capacity of the non-coherent multiuser channel
and prove that our scheme is scaling-law optimal.

Theorem 1. With T, n, M fixed,

T—L
CLB = T mlH(K M) log(pavg) + O( )
(24)

a8 Payg — OO

and this rate of increase is maximized when L =
K = Loy = min(n, M, [T ]).

Proof: We omit the details of the proof (see

[7]) in the interest of space. The proof proceeds

by performing an Eigen value decomposition of the

argument of logdet in (22) and then bounding the

resulting terms W.r.t paye. [ |

Note that the non-coherent capacity (C) of a
single user n x M channel is derived in [6] as,

T _ *
C = Tn n*1og(pave) + O(1)
S Payg — OO (25)
with n* = min(n, M, [£]). Also, coding across

antennas is not ruled out in deriving the non-
coherent capacity of this single user MIMO channel.
Therefore C' acts as an upper bound to the sum ca-
pacity of our multiple access SIMO channel where
users cannot cooperate. Thus we have the following
corollary to Theorem 1.

Corollary 1: With Cpp acting as a lower bound
and C' as an upper bound to the sum capacity (Cup,)
of the non-coherent, multiple access SIMO channel,
from Theorem 1 and [6],

T —n"
" 0g(pave) + O(1)

as  Payvg — OO

CVsum =

(26)

giving the non-coherent multiple access SIMO
channel the same degrees of freedom as the non-
coherent single user MIMO channel. Note that our
scheme is thus scaling-law optimal with the same
prelog factor as Clyy,.

Now we proceed to analyze how the mul-
tiuser scheduling gain behaves as SNR grows. If
CLg(L, K) indicates the lower bound in (22), then
the baseline case (i.e., no mulituser scheduling)
occurs with L = K as,

T—L N
Cip(L, L) = —7 Elog det(Inr + per Hy Hy)
(27
with ¢ = 1 since we have only one subset now.

Following the proof of Theorem 1, we can see that

T— L,
Cin(L, L) = (Tpt

as  Payg — OO

) Lape 108(puvs) + O(1)
(28)

with Loy = min(n, M, | £ ]). Thus we see that,

. maXLK CLB(La K)
lim

=1 29
Pavg—00 1MaAXj, CLB(La L) ( )



An intuitive explanation for this is: at high SNR,
the power gain obtained by exploiting the statistical
diversity available within the trained group of users
(i.e., with K < L) shows inside the log function.
This gain could not compensate for the loss in the
prelog factor (due to K < L). Thus as SNR grows,
trying to tap the scheduling gain in the system and
hence selecting a subset of trained users to transmit
data is suboptimal. Hence K = L becomes optimal
at high SNR.
Theorem 2: With n, M fixed,

Cig = min(n, M)log(pavg) + O(1)

as  Payg — 00,1 — 00 (30)

and L = K = Loy = n.

For details of the proof see [7]. Note that (30)
has the same prelog factor as that of the capacity
expression of the coherent multiuser uplink [6],
[8], i.e., capacity under perfect channel knowledge.
As coherence time increases, the sum rate of our
scheme approaches the coherent sum rate. This is
because, as T' grows, the finite training overhead
(recall L < n) becomes negligible. This is illus-
trated by Fig.1(a). In fact, using an argument similar
to that of Corollary 1, we have the quite intuitive
result that as 7" — oo, and p,,, — o0, the non-
coherent sum capacity increases at the same rate as
coherent capacity.

Coum = min(n, M)log(pae) + O(1)

aS  Payg — 00,1 — 00. 31

Theorem 3: With T', M, pay, fixed,

T

Cig = %Lmin([(, M)log(n) + O(1)

as n — oo (32)
and Cp is maximized when L = K = Lqy =
min(M, |£]) giving a prelog factor equal to the
degrees of freedom of the non-coherent uplink ob-
tained in Corollary 1.

The proof ( [7]) follows that of Theorem 1.
An interesting physical interpretation is, at high
values of n, every time the number of users in the
system doubles, the sum rate, in bits per channel
use, increases by the channel’s degrees of freedom.
This is illustrated in Fig.1(b). This is because every
additional user to the system brings along its own
average power constraint, thus effectively increasing
the total SNR. This is unlike the case of a downlink

with a total power constraint at the BS that does not
increase with the number of users.

The increase in the sum rate with n is not
without cost: the per-user throughput monotonically
decreases in the number of users, n. The result is
made precise in the following theorem (proof found
in [7]).

Theorem 4: For fixed M and T, as payg — 00,
%, monotonically decreases with n. Similarly, the
per user capacity Csnﬂ also decreases with n. Since
the per user rate of our scheme is sandwiched
between % and CT“, it also decreases with n.

It is instructive to compare this result with the
coherent channel case. Here, as p,, — o0, the
per user capacity is M log(pavg) + O(1) [8],
[6], which remains constant for n < M and starts
to decrease with n only when n > M. The cost
of learning the channel is the sole reason for the
monotonic decrease in non-coherent per user ca-
pacity versus n. Note also that, as the coherence
period (1') of the channel grows, at high SNR, the
non-coherent channel’s per user capacity resembles
that of the coherent channel.

Theorem 5: With T', n, pay, fixed,

T—-L
Crip = <T)Klog(M) +O(1) as M — oo
(33)
with the maximum at L = K = Ly, = min(n, | £])
giving a prelog factor which is the same as the
available degrees of freedom of the non-coherent
uplink channel
Proof: The proof (for further details see [7])
proceeds by using the fact that the mutual infor-
mation of the i*" user subset, If'b (recall from (7)),
converges (in distribution) to a Gaussian [9], as
M — oo, i.e.,

. d T-L
Iy, = N(<T>Klog(1+peﬁM>>
T—-L\2K _ , .
( )Mlog2e),w, as M — oo
(34)

T

Since Ctp = E max; If'b, with further manipulation,
we prove (33). [ |

Note that every time the number of antennas
at the receiver doubles, the sum rate (in bits per
channel use) increases by the channel’s degrees of
freedom, as illustrated in Fig.2(a). Also note that as
M — oo, from (34), the variance of the mutual
information associated with any subset goes to



zero (channel hardening [9]) and consequently the
scheduling gain disappears (see Fig.2(b)). That is,
as M grows, maxy, x CLp(L, K) —maxy Cig(L, L)
converges to zero, where max; Cpg(L, L) corre-
sponds to the case with no multiuser scheduling.
It is interesting to compare this result with the case
when p,,; — oo (Theorem 1). There the scheduling
gain was still present with increasing SNR, but we
found that exploiting it is suboptimal.

VI. CONCLUSION

We designed a training based communication
scheme for a non-coherent SIMO multiple access
channel wherein training and user selection are
jointly optimized. We established that the non-
coherent SIMO multiple access channel has the

same degrees of freedom as the non-coherent single
Lopt
T

Loy = min(n, M, | Z]). Further, we proved that our
training-based scheme has a prelog factor equal to
the above degrees of freedom of the non-coherent
SIMO multiple access channel. This implies that our
training based scheme is scaling-law optimal. We
studied the behavior of the scheme in the asymptotic
regime, i.e., when SNR, the number of users or
the number of BS antennas grows. The multiuser
scheduling gain should not be exploited as SNR
grows, whereas as M grows, the scheduling gain
vanishes due to channel hardening effects. Conse-
quently, as SNR or the number of BS antennas
is high, all the users that are trained must be
allowed to transmit, this optimum number being
Lopt = min(n, M, |Z]). We also observed that
doubling n or M acts in the same way as a 3dB
increase in SNR, resulting in an increase in the
rate (bits/channel use) by the channel’s degrees of
freedom. Interestingly, at high SNR, the degrees
of freedom available per user in a non-coherent
channel monotonically decreases with n for all n >
1, whereas for a coherent channel, the per user
degrees of freedom remains a constant for n < M
and drops with n only for n > M.

Finally, we would like to note that our model
contains mathematical similarities to the problem of
communication in non-coherent wideband channels:
Dividing a wideband channel into many narrowband
slots, one can ask questions about how many slots
to learn and how many to transmit in. The sub-
optimality of spending energy to learn too large
a number of subchannels is well known: Medard

user MIMO channel given by L (1 — ) where

et al. have shown [5], [10], [11] that non-coherent
channel capacity decays due to energy being spread
over a wide bandwidth. More recently, Agarwal and
Honig [12] considered optimizing the number of
frequency slots to train and the power allocation
to maximize the rate achievable with a training-
based scheme. It may be possible to transport our
results and techniques for the SIMO multiple access
channel to non-coherent wideband links: for exam-
ple, insights about the optimum number of users to
train and select for transmission may lead to insights
in the wideband problem about optimal number of
subbands to train and use.

REFERENCES

[1] I. E. Telatar, “Capacity of multi-antenna Gaussian channels,”
European Trans. on Telecommunications, vol. 10, pp. 585-595,
Nov. 1999.

[2] G. J. Foschini and M. J. Gans, “On limits of wireless communi-
cations in a fading environment when using multiple antennas,”
Wireless Personal Communications, vol. 6, pp. 311-335, Mar.
1998.

[3] A. J. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath,
“Capacity limits of MIMO channels,” in |IEEE Journal on
Selected Areas in Communications, vol. 21, (Invited Paper),
pp. 684-702, June 2003.

[4] B. Hassibi and B. M. Hochwald, “How much training is
needed in multiple - antenna wireless links?,” IEEE Trans. on
Information Theory, vol. 49, pp. 951-963, Apr. 2003.

[S] M. Medard, “The effect upon channel capacity in wireless
communication of perfect and imperfect knowledge of the
channel,” |EEE Trans. on Information Theory, vol. 46, pp. 933—
946, May 2000.

[6] L. Zheng and D. N. C. Tse, “Communication on the grassman
manifold: A geometric approach to the noncoherent multi-
antenna channel,” |EEE Trans. on Information Theory, vol. 438,
pp. 359-383, Feb. 2002.

[7] S. Murugesan, E. Uysal-Biyikoglu, and P. Schniter, “Optimiza-
tion of training and scheduling in the non-coherent MIMO
multiple-access channel,” submitted for publication, June 2006.

[8] D. Tse and P. Vishwanath, Fundamentals of Wireless Commu-
nication. Cambridge University Press, 2005.

[9] B. M. Hochwald, T. Marzetta, and V. Tarokh, “Multi-antenna

channel-hardening and its implications for rate feedback and

scheduling,” IEEE Trans. on Information Theory, vol. 50,

pp. 1893-1909, Sep. 2004.

M. Medard and R. G. Gallager, “Bandwidth scaling for fad-

ing multipath channels,” |[EEE Trans. on Information Theory,

vol. 36, April 2002.

M. Medard and D. N. C. Tse, “Spreading in block-fading

channels,” in Proc. Asilomar Conf. on Sgnals, Systems and

Compuiters, vol. 2, pp. 1598-1602, 2000.

M. Agarwal and M. L. Honig, “Wideband fading channel capac-

ity with training and limited feedback,” in Proc. Allerton Conf.

on Communication, Control, and Computing, (Monticello, IL,

USA), October 2005.

(10]

[11]

[12]



40 T

—*— T=10
—&—T=20
35H —%— T=40
—&4—— coherent capacity

30

Sum Rate (bps/Hz)
N
o
T

20~

15 e

10 s I
5

Fig. 1.

(a)

30

Sum Rate (bps/Hz)

25

——Cis

(DoF)*Iogz(n)

5
Iog,,(n)

(b)

(a) Hlustration to show how the slope of sum rate achieved by the training-based scheme approaches that of coherent

channel capacity when n = M = 4. (b) CLp increases by the channel’s degrees of freedom (DoF) every time the number of

users in the system doubles

12 T T T

T =10, M =4, pavg = 3 dB used.

T T T T T T
——Cis
A (DoF)’Iogz(M)
=
ES
2
=2
P i
T
[:4
£
S
@
o i i i i i i i i i
0 0.5 1 15 2 2.5 3 3.5 4 4.5
log,(M)
(a)
Fig. 2.

Sum Rate (bps/Hz)

35

25

1.5

& mavaKCLB(L,K)

s maxLCLB(L,L)

5 6 7 8 9 10
Number of BS antennas, M

(b)
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