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Abstract—In downlink multi-antenna systems with many users,
the multiplexing gain is strictly limited by the number of transmit
antennas N and the use of these antennas. Assuming that the
total number of receive antennas at the multi-antenna users is
much larger than N, the maximal multiplexing gain can be
achieved with many different transmission/reception strategies.
For example, the excess number of receive antennas can be
utilized to schedule users with effective channels that are near-
orthogonal, for multi-stream multiplexing to users with well-
conditioned channels, and/or to enable interference-aware receive
combining. In this paper, we try to answer the question if the
N data streams should be divided among few users (many
streams per user) or many users (few streams per user, enabling
receive combining). Analytic results are derived to show how user
selection, spatial correlation, heterogeneous user conditions, and
imperfect channel acquisition (quantization or estimation errors)
affect the performance when sending the maximal number of
streams or one stream per scheduled user—the two extremes in
data stream allocation.

While contradicting observations on this topic have been
reported in prior works, we show that selecting many users
and allocating one stream per user (i.e., exploiting receive
combining) is the best candidate under realistic conditions. This
is explained by the provably stronger resilience towards spatial
correlation and the larger benefit from multi-user diversity. This
fundamental result has positive implications for the design of
downlink systems as it reduces the hardware requirements at
the user devices and simplifies the throughput optimization.

Index Terms—Multi-user MIMO, channel estimation, limited
feedback, block-diagonalization, zero-forcing, receive combining.

I. INTRODUCTION

The performance of downlink wireless communication sys-
tems can be improved by multi-antenna techniques, which
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enable efficient utilization of spatial dimensions. Depending on
the available channel state information (CSI), these dimensions
can be used for enhanced reliability and/or spatial multiplexing
of multiple data streams with controlled interference [1]. The
downlink single-cell sum capacity (with perfect CSI) behaves
as

min(N, M K)log,(P) + O(1) (1)
where N is the number of base station antennas, K is the
number of users, each user has M > 1 antennas, and P is the
signal-to-noise ratio (SNR) defined as the total transmit power
divided by the noise power. The number of users is assumed
to be large such that K > N, thus we have M K > N and the
maximal multiplexing gain becomes min(N, M K) = N. The
multiplexing gain will have a major impact on the throughput
of future cellular networks, where high SNRs can be achieved
in an energy-efficient way by large-scale antenna arrays [2]]
and/or increased cell density [3].

The sum capacity in (I) is theoretically achieved by dirty-
paper coding [4], but this non-linear scheme has impractical
complexity and is very sensitive to CSI imperfections. Fortu-
nately, the maximal multiplexing gain of N can be achieved by
linear spatial division multiple access (SDMA) strategies [5],
such as block-diagonalization (BD) (6], [7] and zero-forcing
with combining (ZFC) [8]], [9]. Such SDMA strategies transmit
N simultaneous data streams, but can divide them among the
users in different ways; the system can select between (%]
and NV users to be active and allocate from 1 to M streams to
each of them. This raises a fundamental design question: how
should the receive antennas at each user be used to maximize
the system throughput?

Inter-user interference degrades user performance, while
the mutual interference between users’ own streams can be
handled by receive processing. It thus seems beneficial to
only have a few active users and multiplex many streams to
each of them. However, one should keep in mind that every
additional stream allocated to a user experiences a weaker
channel gain than the previous streams. If fewer than M
streams are allocated to a user, this user has degrees of freedom
for interference-aware receive combining to achieve a strong
effective channel and better spatial co-user compatibility. In
other words, it is not clear whether receive antennas should
be utilized for multi-stream multiplexing or receive combin-
ing, or perhaps something intermediate. The answer has a
profound impact on wireless system design, including the
CSI acquisition protocols, scheduling algorithms, and receiver
architecture.



A. Related Work

The sum-rate maximization problem is nonconvex and com-
binatorial [10], thus only suboptimal strategies are feasible in
practice. Such low-complexity algorithms have been proposed
in [11]-[14], among others, by successively allocating data
streams to users in a greedy manner. Simulations have indi-
cated that fewer than IV streams should be used when P and
K are small, and that spatial correlation makes it beneficial
to divide the streams among many users. Simulations in [[12]]
indicates that the probability of allocating more than one
stream per user is small when K grows large, but [12] only
considers users with homogeneous channel conditions and all
the aforementioned papers assume perfect CSI.

The authors of [9] claim that transmitting at most one
stream per user is desirable when there are many users in
the system. They justify this statement by using asymptotic
results from [15]] where K — co. This argumentation ignores
some important issues: 1) asymptotic optimality can also be
proven with multiple streams per userj'|2) the performance at
practical values on K is unknown; and 3) the analysis implies
an unbounded asymptotic multi-user diversity gain, which is
a modeling artifact of fading channels [17].

The authors of [7]], [8] arrive at a different conclusion
when they compare BD (which selects % users and sends M
streams/user) and ZFC (which selects NV users and sends one
stream/user) under quantized CSI. Their simulations reveal a
distinct advantage of BD (i.e., multi-stream multiplexing), but
are limited to uncorrelated channels and neither include user
selection nor interference rejection. We show that their results
are misleading, because single-user transmission greatly out-
performs both BD and ZFC in the scenario that they simulate.

Despite the similar terminology, our problem is fundamen-
tally different from the classic works on the diversity-spatial
multiplexing tradeoff (DMT) in [18], [19]. The DMT brings
insight on how many streams should be transmitted in the
high-SNR regime, while we consider how a fixed number of
streams should be divided among the users.

B. Main Contributions

This paper provides a comprehensive answer to how multi-
antenna users should utilize their antennas in downlink trans-
missions, or similarly how many data streams that should be
allocated per active user under different system conditions; see
Fig. [I} The main contributions are:

o New analytic results for analyzing the problem under
spatial correlation, user selection, heterogeneous user
channel conditions, and realistic CSI acquisition. These
enable asymptotic comparison of the two extremes: al-
locating M streams per active user (called BD) and one
stream per active user (called ZFC). We show that ZFC
is more resilient to spatial correlation and well adapted to
find near-orthogonal users, while BD is better at utilizing
heterogeneous user conditions. Imperfect CSI acquisition
is shown to have a similar impact on both strategies.

I'The uplink analysis in [[16] shows that a non-zero (but bounded) number
of users can use multiple streams, and the well-established uplink-downlink
duality makes this result applicable also in our downlink scenario.
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(b) 2 streams per 2-antenna user: BD exploits multi-stream multiplexing.

Fig. 1. Two ways of dividing four data streams among multi-antenna users,
which also represents two ways of utilizing the receive antennas to reduce
interference. (a) Receive one stream per user and linearly combine the antenna
to achieve an effective channel that rejects interference. (b) Receive multiple
streams and handle their mutual interference through receive processing.

o Numerical examples show that allocating one stream per
active user is essentially optimal under realistic system
conditions, and we explain how other conclusions may
arise. The main conclusion is that utilizing receive com-
bining is preferable over multi-stream multiplexing.

II. SYSTEM MODEL

We consider a downlink multi-user MIMO system where
a single base station with N antennas communicates with
K > N users. Each user has M antennas. For analytical
convenienceEl we assume that M < N and often also that
% is an integer, but the precoding strategies considered
herein can be applied for any M. The narrowband, flat-fading
channel to user k is represented in the complex-baseband by
H;, € CM*N_ The received signal at this user is

yi = Hygx +ny 2

where x € CV*! is the joint transmitted signal for all users
and n; ~ CN(0,1,,) is the (normalized) circularly-symmetric
complex Gaussian noise vector. For analytic convenience,
and motivated by measurements [20], [21], we employ the
Kronecker model with H;, = R% iﬁkR;/ i, where R ;, and
Rp,i are the positive-definite spatial correlation matrices at
the transmitter and receiver side, respectively, and Hj has
independent CN (0, 1)-entries. We assume Rr = Iy (ie.,
large antenna separation at the base station) throughout the
analysis, because transmit correlation both creates complicated
mathematical structures and requires limiting assumptions on

>The case M > N is analytically different because 1) Single-user transmis-
sion achieves the full multiplexing gain; 2) CSI acquisition is simplified since
H, has full row rank, thus any effective channel Cf Hj, can be achieved
by selecting the receive combining Cy, properly. Since user devices are size-
constrained, the case M < N is also reasonable in practice.
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Downlink | Feedback on| Resource I%edicaﬁef Downlink Data
Training | Reverse Link | Allocation ovyn'm Transmission
Training

A
Y

Coherence Time

(a)

Resource
Uplink Allocation Downlink Downlink Data
Training Uplink Data Training Transmission
Transmission
Coherence Time
(b)
Fig. 2. Basic block-fading system operation of (a) FDD systems; and (b)

TDD systems. The system operation is repeated in a cyclic manner.

the user distribution geometry and fading environment. Ob-
serve that R ;, generally is different for each users, describing
different spatial properties.

A. Cyclic System Operation

We assume block fading where Hjy is static for a set of
channel uses, called the coherence time, and then updated
independently. We consider both frequency division duplex
(FDD) and time division duplex (TDD); baselines of the
respective cyclic system operations are illustrated in Fig.

In FDD systems, the users acquire CSI through training
signaling [22] and some users feed back quantized CSI. The
base station then performs resource allocation (i.e., data stream
allocation and precoding) and informs the scheduled users
of their precoding through a second training stage. Data
transmission follows until the end of the coherence time, when
the cycle in Fig. 2(a) restarts.

In TDD systems, the system toggles between uplink and
downlink transmission on the same channel, thus enabling
training signaling in both directions. We assume perfect
channel reciprocit and that the coherence time makes CSI
obtained in one block of Fig. 2(b)| correct until the same
block occurs in the next cycle. The base station does resource
allocation for both uplink and downlink, and it informs the
users through training signaling.

We assume that all training signals sent in the downlink
direction provide the users with perfect CSI, while CSI feed-
back (in FDD) and uplink training (in TDD) might lead to
imperfect CSI at the base station. This assumption enables
coherent reception, thus making the conventional achievable
sum rate expression a reasonable performance measure

3The physical channel is always reciprocal, but different transceiver hard-
ware is typically used in the downlink and the uplink. Thus, careful calibration
is necessary to utilize the reciprocity in practice.

4Many of the results herein can be extended to include imperfect CSI
at the users in the resource allocation, followed by a second training stage
that provides scheduled users with sufficiently accurate CSI of the precoded
channels to enable coherent reception. See [23] for an example in FDD
systems. The loss of having imperfect CSI also in the second training stage
can be characterized as in [24].

B. Linear Precoding: General Problem Formulation

We consider linear precoding and the transmitted signal is
K

x =Y Wid; 3)
k=1

where W, € CNXd is the precoding matrix, dy ~
CN(0,1,4,) is the data signal, and dj is the number of
multiplexed data streams to user k. Each user applies a
semi-unitary receive combining matrix C; € CM*d (ie,,
Cf Cj = I,) and treats inter-user interference as Gaussian
noise. The achievable information rate is

K
det Ty, + 3. CI'H,W, W HI G, )
=1

9k({We}, Cp) = log,
det Ty, + ¥ CHH,W WI'H[ C, )
(#k
i “4)
where {W/,} denotes the set of precoding matrices and ¢ is
an arbitrary user index [14]]. The transmission is limited by an
average power/SNR constraint of P, thus
K
E{XHX} = Ztr(WkW}?) <P (5)
k=1
Ideally, we would like to select Wy, Cy,, di, Yk to maximize
the sum rate; that is,
K

maximize W,}.C
{W,Cy,di } ;gk({ E} k)
S (6)
subject to Ztr(kakI,{) <P
k=1
C'Cr = La, dp >0 Vk.

Unfortunately, this resource allocation problem is NP-hard and
therefore not practically solvable [10]. There are algorithms
that find local optima of (6) (see [25] and references therein),
but these are iterative and thus cannot be implemented under
the cyclic system operation in Fig. 2]

We limit the selection of {Wy, Cy,di} to achieve a

tractable problem formulation.

1) Precoding: Zero or minimal inter-user interference
should be caused, which is possible when Zle di <
N. This makes (6) partially feasible, because it becomes
a convex problem for any fixed Cg,d. This is a non-
limiting assumption at high SNR [26], which is the
regime where systems with high spectral efficiencies
need to operate (e.g., using high power, small cells, or
large antenna arrays [2f], [3]]).

2) Receive combining: The matrix Cy, is fixed at some
value Cj beforehand. This makes sense from a CSI
acquisition perspective as only the effective channel
Cf H), needs to be obtained through feedback (in FDD)
or training signaling (in TDD). The value C; might be
the dj, strongest (left) singular vectors of Hj, known
as maximum ratio combining (MRC), but can also be
selected to improve the CSI feedback accuracy [_8], [9].

3) Stream allocation: Users are scheduled sequentially
using some predefined scheduling policy. This avoids



making an exhaustive search over all data stream allo-
cations, which is practically infeasible when N and K
grow large. Greedy scheduling algorithms can perform
remarkably close to optimum [11[]-[14], while random
selection ensures user fairness.

We now have a simplified resource allocation problem,

> " log, det(Ly, + C{HL W, WTH{ Cy)
keS

> tr(WyWiH) < P,
keS

CHHLW, = 04, x4,

maximize
{Wy}

subject to

Vk €S, Ve S\{k},
(N

where S is the scheduling set given by the predefined schedul-
ing rule and dj, > 0 for k € S is the corresponding data stream
allocation.

Remark 1 (Updating the Receive Combiner). When has
been solved, the users are informed of the resource allocation
through training signaling. This enables estimation of both the
precoded channel Hy W), and the second-order interference
term ), = Z#k H,W,WHEHH both being necessary for
coherent reception. As a nice by-product [9], this enables user
k to replace Cy with the rate-maximizing MMSE receive
combiner CYMSE containing the dj, dominating left singular
vectors of (I +Zy ) 'H; Wy, [14]. This improves the infor-
mation rate by balancing between signal gain and interference
rejection. We consider Cy, in the analysis, while CYMSE jg
used in simulations.

C. Linear Precoding: BD and ZFC

In this paper, we primarily analyze and compare two in-
stances of (7): block-diagonalization (BD) [[6]] and zero-forcing
with combining (ZFC) [8]], [9]. These strategies allocate a fixed
number of streams per scheduled user, but can be combined
with any scheduling policy. There are alternative strategies
that allocate different numbers of streams to different users
[12], but simulations will show that these are not increasing
the performance when the CSI acquisition overhead is treated
properly.

Definition 1. (Block—Diagonalization Precoding) Let SBP be
a scheduling set with at most +: users. For each user k €
SBP we set d, = M and W, = WBDT,;;Q where WEP is

a semi-unitary matrix that satisfies W, "' WBP = I, and
H,W?EP = 0 for all ¢ € SBP\ {k}. The power allocation is
given by the diagonal matrix Y > 0p;. The information rate
is

gBP(P) = log, det (IM + H, WY, WED g ) )

Definition 2. (Zero-Forcing Precoding with Combining) Each
user combines its antennas using some channel-dependent
unit-norm vector &, € CM*1_ Based on the effective channels
hf = ck AH, ¢ C'*N, a scheduling set S“F€ with at most
N users is selected. For each user k € SZC, we set dj, = 1
and let W, = /prws €, where W/ C is a unit-norm vector
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that satisfies h/ w#C = 0 for all £ € S?C\ {k}. The power
pr > 0is allocated to user k£ and the information rate is
ge(P) = logy (1+ pe/hy! wi %) . ©)

The sum-rate maximizing power allocations for BD and
ZFC are achieved through water-filling (see [6]]), but the
asymptotic analysis in this paper often assumes equal power
allocation (ie., Yy = @IM Vk € SBP and pp =
S%FC\ Vk € S%C) since this becomes optimal in the high-

NR regime where P — oo [27]]. Although the definitions
of BD and ZFC assume perfect CSI, both strategies can be
applied when the transmitter has imperfect CSI by making
W, orthogonal to the acquired co-user channels [7]—[9]. The
resulting loss will be quantified in later sections.

ZFC can schedule up to N users and sends one data stream
per user, while BD can only schedule % users but multiplexes
M streams to each of them. Although BD and ZFC are
identical when each user only has one antenna, this does not
mean that BD is a generalization of ZFC. In fact, there are
good reasons for applying ZFC instead of BD when M > 1:

1) The base station only needs to acquire the effective
channels hy;

2) The effective channel hy, has better properties than Hy,
and can be adapted for interference rejection;

3) User devices require simpler hardware that only decodes
one stream.

The interference mitigation is, on the other hand, less
restrictive under BD since fewer users are involved and the
mutual interference between streams sent to the same user is
handled by receive processing [7]]. By analyzing and compar-
ing ZFC and BD under both perfect and imperfect CSI, we try
to answer the fundamental question: should we select many
multi-antenna users to enable receive combining or select few
users and exploit multi-stream multiplexing?

Remark 2 (Ambiguous Terminology). The terminology block-
diagonalization and zero-forcing have been given different
meanings in prior works. Herein, BD refers to the original
work in [6], where each active user receives exactly M data
streams. Apart from the ZFC strategy in Definition [2| (and
in [[8], [9]]), another downlink zero-forcing strategy for multi-
antenna users was proposed in [26]. In their definition, each
antenna at the multi-antenna users is viewed as a separate
virtual single-antenna user and the zero-forcing idea is applied
to send a separate stream to each antenna with zero inter-
antenna interference. That approach is nothing else than BD
with stricter interference mitigation and can never perform
better than BD. Herein, ZFC means sending one stream per
user and utilizing receive combining, thus ZFC is not a special
case of BD and can hypothetically outperform BD.

III. COMPARISON OF BD AND ZFC WITH PERFECT CSI

In this section, we will compare BD and ZFC in the
ideal scenario when both the base station and the users have
perfect CSI. We derive analytic results indicating the impact of
different system properties. Under perfect CSI, the achievable
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sum rate in (7)) asymptotically becomes (as P — co) [27]]

P
BD (P) = Nlog, (N) +

keSBP

7 p) = Nlog2( ) S log, ([l wECP),
keSZFC
(10)

for BD and ZFC, respectively. This result is based on having
scheduling sets that satisfy |SBP| = & and |S#FC| = N and
on equal power allocation (which is asymptotlcally optimal).

For both strategies, the asymptotic sum rate behaves as
Moo logy(P) + Roo, Where M is the multiplexing gain
and R, is the rate offset. Both BD and ZFC achieve a
multiplexing gain of M, = NN, which is the same high-SNR
slope as of the sum capacity. We thus need to compare the
rate offsets R to conclude which strategy is preferable in
the high-SNR regime.

Theorem 1. Assume the receive correlation matrices Rp j
have eigenvalues Ay s > ... 2> Mg, 1 > 0 and the use of
random user selection with [SBP| = 2%, |SZFC| = N. The
expected asymptotic difference in sum rate between BD and
ZFC (with MRC) is

Bep-zic = E{ hm fam(P) — szu}:nC(P)}

M . M
1 _
ng Z : Z+]0g2 < H H )\k,m>_ Z 2
i=1 keSBP m=1 LeS7FC
(11)
where z = E{logy(|[efH,|3)} — o) and () is

the digamma function. Furthermore, logy(Aear) < z¢ <
log, (E{[[&f H,[3}) — 1oy where E{|[&fH/[3} is given
by (32) in Lemma [T}
Proof: The proof is given in Appendix ]
The expected asymptotic difference in (II) has several
terms. The first term is the (positive) expected gain of BD
in a spatially uncorrelated scenario with homogenous user
channels and no receive combining—this was considered in
[27, Theorem 3]. The other terms depend on the spatial
correlation and choice of receive combining. For users with
homogenous channel conditions where all Ry j have the same

eigenvalues Ay ., = A, we have
M-1 . M 1/M
2 log,(e) M —i II =1/\m
zrc < N Nlog, —2=———
Bep-zFc < % ; ; + IV log, "
(12)

where the last term contains the geometric mean of all
eigenvalues divided by the largest eigenvalue. This ratio is
smaller than one (or equal for uncorrelated channels) and
thus its logarithm is negative and approaches —oo as the
eigenvalue spread increases. Therefore, Theorem [T shows that
BD might have an advantage on uncorrelated channels, but
ZFC always becomes the better choice as the receive-side
correlation grows. The explanation is that BD has less re-
strictive interference mitigation, but is more vulnerable to poor
channels since it uses all channel dimensions for transmission.

> log, det(HyWEPW P HYT),

We can expect a similar impact of any channel property that
increases the eigenvalue spread in Hy, HkH ; for example, spatial
correlation at the transmitter-side or a strong (low-rank) line-
of-sight component.

To illustrate the opposite effect of having users with dif-
ferent path losses, we assume for simplicity that there are -
strong users with Rg ; = I/, for some v > 1, and N — %
weak users with Rp; = Ips. If BD only serves the strong
users while ZFC serves also the weak users, we have

(N - Aj\;) log, (7).

(13)
This upper bound approaches +oo as the difference y between
the strong and weak users grows. Although not strictly proved,
this indicates that BD is better at utilizing heterogenous
channel conditions as it requires fewer users to be close
to the base station to achieve high sum rates. This benefit
reduces if some fairness mechanism is used to compensate
for unfavorable path losses.
The expected asymptotic difference in sum rate, BBD,ZFC,

M-1 .
Z Mi—z n

=1

log, ()
M

Bepzic < N

can be transformed into a difference 1015% [dB] in
transmit power to achieve the same sum rate in t ]he high-SNR

regime [27].

A. Impact of User Selection

The comparison in Theorem [I] was based on random user
selection of the maximal number of users (% with BD and N
with ZFC), although scheduling of spatially separated users is
necessary to achieve the full potential of multi-user MIMO.
This paper assumes K > N users, meaning that only a
subset of users is scheduled at each channel use. If the users
are unevenly distributed in the cell, it could be beneficial
to intentionally schedule fewer users than possible. We will
now analyze how the ability of selecting users with spatially
compatible channels impacts performance.

In the high-SNR regime, the optimal (semi-unitary) pre-
coding matrix W3 for single-user transmission matches the
channel as C i HkW?Cu = CH Hj, while the precoding matrix
W, € CNXd of an SDMA strategy is balanced between
matching the own channel and being orthogonal to the co-
user channels. The expected asymptotic performance loss of
having to cancel inter-user interference is therefore

E{Loss} = E{log, det(CYH,H Cy)
— log, det(CEH,W,WIHIC,)}
det(ApAH (14)
_ E{log2 ( k) — }
det(AkBkaWkBk Ak )
= —E{log, det(B; W, W;B)}

where Aj, € C%*9 contains the non-zero singular values
of CH H; and Bj contains the corresponding right s1ngular
vectorsE] Observe that the eigenvalues of BkaWkB are

SThgge matrices can be obtained from a compact singular value decompo-
sition Cf H; = U, ArB;. Note that By, contains an orthonormal basis of
the row space of the effective channel CkH H;.



smaller or equal to one, thus E{Loss} > 0. The following
theorem indicates how this loss is affected by user selection.

Theorem 2. For any given scheduling sets SBP, SZFC (with
|SBP| = & and |S#C| = N), suppose we replace one of the
users in each set with the best one among K random users. If
the best user is the one minimizing the expected asymptotic
loss in (I4), these losses for BD and ZFC, respectively, can
be lower bounded as

E{Losspp} > —M logy(1 — c1 K~ M<N1*M>)

(15)
E{Losszrc} > —log,(1 — cszNflM)

when K is large (c1, co are positive constants, see the proof).

Proof: The proof is given in Appendix [C| [ ]
The lower bounds in this theorem indicate that it is easier
to find users with near-orthogonal channels under ZFC than
under BD. This seems reasonable since the random channels
of BD users occupy M dimensions and should happen to
be compatible to the co-users in all of them, while ZFC
users only utilize one dimension and use receive combining to
pick the most compatible among its M dimensions. Related
observations can be made in the area of channel quantization,
where fewer codewords are necessary to describe (N x 1)-
dimensional channels to a certain accuracy than are needed for
(N x M)-dimensional channels [28]). The concave structure of
the information rates makes it difficult to obtain exact results,
but the indications of Theorem [2] are verified by simulations
herein.

B. Numerical Illustrations under Perfect CSI

Next, the analytic properties in Theorem [I] and Theorem 2]
are illustrated numerically. To this end, we adopt the simple
exponential correlation model of [29], where 0 < p < 1,
t=+/=1, U]-,-) denotes a uniform distribution, and

6L9 Jj—1

R0 = {00
The magnitude p is the correlation factor between adjacent
antennas, where p = 0 means no spatial correlation and p = 1
means full correlation. For simplicity, p is the same for all
users while 6 is different. Note that p impacts the perceived
spatial correlation non-linearly; a typical angular spread in a
highly spatially correlated scenario is 10 — —20 degrees which
roughly corresponds to p =~ 0.9 [30].

The expected asymptotic difference between BD and ZFC
is shown in Fig. 3] as a function of p, using N = 8 transmit
antennas and M = 2 receive antennas. This simulation con-
firms that BD is advantageous in uncorrelated systems, while
ZFC becomes beneficial as the correlation increases (p > 0.4
under receive-side correlation, p > 0.7 under transmit-side
correlation, and p > 0.25 when both sides are correlated). The
two bounds from Theorem [T] are also shown in the Fig. [3] The
lower bound is very accurate, while the upper bound is only
tight at high correlation.

To exemplify the impact of user selection, we use the
capacity-based suboptimal user selection (CBSUS) algorithm
from [31], which greedily adds users sequentially to maximize

0 ~ U[0,27). (16)
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Expected Asymptotic Difference (BD-ZF)
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Rx-Corr
o5} = — Tx-Corr

v Both
-30 I I I I -
0 0.2 0.4 0.6 0.8 1
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Fig. 3. The expected asymptotic difference between BD and ZFC in a

system with N = 8 transmit antennas, M = 2 receive antennas per user,
and random user selection. The impact of spatial correlation at the receiving
users, transmitting base station, and both sides is shown (using the exponential
correlation model from [29]] with different correlation factors p).

Average Sum Rate [bits/channel use]

10k 10dB [T MET (Greedy stream allocation) | & p=0 |
1 stream/selected user (ZFC) o p=0.4
- — - — 4 streams/selected user (BD) o p=0.8
ol— . N N N N N I

10 15 20 25 30 35 40 45 50
Total Number of Users

Fig. 4. The average achievable sum rate in a system with perfect CSI, N = 8
transmit antennas, M = 4 receive antennas, and the same average SNR among
all users (10 or 20 dB). The performance with different strategies are shown
as a function of the total number of users and for different correlation factors
p among the receive antennas.

the sum rate and might give scheduling sets with fewer than [V
data streams. We consider a scenario with N = 8 uncorrelated
transmit antennas and M = 4 receive antennas with correlation
factor p € {0,0.4,0.8}; see [32] for another scenario. We
compare ZFC (1 stream/user) and BD (4 streams/user) with
multi-user eigenmode transmission (MET) from [12] where
data streams are allocated greedily with zero inter-user in-
terference and users can have different numbers of streams.
We also simulated 2 streams/user, but it is not shown herein
because the sum rate was always in between ZFC and BD.
Fig. @] shows the average achievable sum rate as a function
of the total number of users K. We consider the case when all
users have the same average SNR (defined as P%),
either equal to 10 or 20 dB. Irrespective of the SNR, num-
ber of users, and receive-side correlation, ZFC outperforms
BD. Thus, the scheduling-benefit of ZFC (from Theorem
[2) dominates over the interference mitigation-benefit of BD
(from Theorem [[)—even for spatially uncorrelated channels.
As expected, the performance with ZFC improves with p,
while correlation degrades the BD performance. MET has an
advantages over ZFC since it can allocate different numbers of
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Fig. 5. The average achievable sum rate in a circular cell with perfect CSI,

N = 8 transmit antennas, M = 4 receive antennas, and an SNR of 20 dB
at the cell edge. The performance with different strategies are shown as a
function of the total number of users and for different correlation factors p
among the receive antennas.

streams to different users (based on how many singular values
are strong in their channels), but this advantage is small and
disappears asymptotically with the number of users; this was
also observed in [12]].

Next, we consider heterogeneous channel conditions by
having uniformly distributed users in a circular cell with radius
250 m (minimal distance is 35 m), a path loss coefficient
of 3.5, and log-normal shadow-fading with 8§ dB in standard
deviation. The average achievable sum rate is shown in Fig. [3]
with an SNR of 20 dB at the cell edgeﬂ The variation in
path loss between users makes the results very different from
the previous scenario in Fig. @] At low receive-correlation,
BD outperforms ZFC, but the difference reduces with K.
ZFC is however better than BD at high correlation and many
users. MET has a large advantage over the other strategies,
explained by its flexible stream allocation. To comprehend the
difference, the probability that a selected user is allocated a
certain number of streams is shown in Fig. [6] We observe that
spatial correlation reduces the number of streams per user, but
the distance-dependence is even more significant; cell center
users usually receive many streams while cell edge users only
receive one or a few streams. This is natural since cell center
users are more probable to have channel matrices with multiple
relatively strong singular directions.

The conclusion is that ZFC is the method of choice in
multi-user MIMO systems with perfect CSI and homogenous
user conditions (since it performs very closely to the more
complicated MET). On the other hand, MET and BD are
better under heterogeneous user conditions. It is worth noting
that the more streams allocated per user, the more channel
dimensions need to be know at the base station. The next
section will therefore study how practical CSI acquisition
affects our results.

IV. COMPARISON OF BD AND ZFC WITH IMPERFECT CSI
In this section, we continue the comparison of BD and

ZFC by introducing imperfect CSI, originating from either

5Such SNRs are reasonable in dense cellular systems and are necessary to
compare BD and ZFC in regimes where these are supposed to work well.

. 1 stream . 2 streams D 3 streams D4 streams

p=0 p=0.4 p=0.8

p=0 p=0.4 p=0.8 p=0 p=0.4 p=0.8

0.6 b

0.4 b

Whole Cell Cell Center

Probability of Different Stream Allocations

Cell Edge

Fig. 6. The probability that a scheduled user is allocated a certain number of
streams, assuming a circular cell with perfect CSI, N = 8 transmit antennas,
M = 4 receive antennas, K = 20 users, and an SNR of 20 dB at the cell
edge. The whole cell has a radius of 250 meters, whereof users closer than
100 meters belong to the cell center and users further away than 200 meters
belong to the cell edge.

quantized feedback in an FDD system or imperfect reverse-
link estimation in a TDD system. The resources for channel
acquisition are limited which has a major impact on both
the number of channel dimensions that can be acquired per
user and the accuracy of the acquired CSI. Theoretically,
users can feed back different numbers of channel dimensions
depending on some kind of long-term statistical CSI, but that
would reduce the coverage (by favoring cell center users) and
require a flexible system operation with additional control
signaling. We therefore assume that the system acquires d
dimensions/user from a randomly selected user set, where
d > 1 is fixed but depends on the intended precoding strategy.
This assumption is relaxed in the numerical evaluation.

A. Comparison with Quantized CSI

In the FDD system operation of Fig. 2(a)] each user selected
for feedback conveys the d-dimensional subspace spanned by
its effective channel CkH Hj, using B bits. Similar to , ||
—, we use a codebook Cn g5 = {U1,...,Uss} with
codewords U; € CV*? from the (complex) Grassmannian
manifold Gy 4; that is, the set of all d-dimensional linear
subspaces (passing through the origin) in an /N-dimensional
space. Each codeword forms an orthonormal basis, thus Uj; is
a semi-unitary matrix satisfying UZU; = 1,. User k selects
the codeword that minimizes the chordal distance [36]:

H; = argmin 0 ((NijHk,U) (17)
UeCn,a,B

where 6(B,U) = ./d — tr(span(B)#UUHspan(B)) and
span(-) gives a matrix containing an orthonormal basis of the
row space. We assume error-free and delay-free feedback, but
the conclusions of this section are expected to hold true also
under feedback errors (cf. [23])).

There is a variety of ways to handle feedback errors (espe-
cially if the error structure is known), but a simple approach
is to treat Hj as being the true channel and calculate
the precoding using a strategy developed for perfect CSI.
This results in a lower bound on the performance and the



information rates with BD and ZFC becomes

det(Ty+ 3 HyWERY, Wi H)
BD-Q( p £ESBD
9 (P)

= log,
det(IM+ ) HkWBDTgWBDHHH)
LeSBP\{k}
(13)
ol H e "
1+ > pelcf Hw{TC?
(€SP (k)

7 P) = log, (1+

for users in the scheduling sets SBP and S%FC, respectively.

Next, we quantify the performance loss for BD and ZFC
compared with having perfect CSI. Random vector quanti-
zation (RVQ) is used for analytic convenience (as in [7]],
(8, [37], [38]), meaning that we average over codebooks
with random codewords from the Grassmannian manifold. As
any judicious codebook design is better than RVQ, the upper
bounds on the performance loss that we will derive are valid
for any reasonable codebook. The following theorem provides
an upper bound on the performance loss under BD and extends
results in [7]] to include heterogeneous user conditions and
spatial correlation.

Theorem 3. Assume that % users are scheduled randomly.
The average rate loss with BD (using equal power allocation)
for user k € SBP due to RVQ is upper bounded as

AP =E{gi"(P) - g;"(P)}
P 20
< log, det (IM + DBDRR7k> 20)
M
where the average quantization distortion is
DBP = E{6*(H}, Hy)}
N M ~ 3wy
_ - \ww=m 2B H (N —i)!
T OM(N-M) \(M(N - M) L3 (M —i)
2D
Proof: The proof is given in Appendix [D} ]

This theorem will be compared with the corresponding
result for ZFC, but before stating that result we discuss how
to select the (preliminary) receive combiner Cj. There are
primarily two factors to consider when selecting ¢y: the gain of
the effective channel ||¢//H} |3 and the quantization distortion.
The results of [39]], [40] indicate that the top priority in multi-
user MIMO systems is to achieve small quantization errors,
because it is a prerequisite for low inter-user interference. The
error can be minimized by the quantization-based combining
(QBC) approach in [8], where the codeword and receive
combiner are selected jointly as

(égBC, hy) = argmax ¢ (Hf c,u) .

c:||c|l2=1

ucCn,1,B
The maximum expected SINR combiner (MESC) in [9]]
achieves better practical performance by balancing effective
channel gain and quantization distortion, but is asymptotically
equal to QBC at high SNR. Since this is the regime of main
interest herein, we will exploit the analytic simplicity of QBC.
Observe that QBC and MESC are only used for improved

(22)

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 61, NO. 13, JULY 1, 2013

feedback accuracy; the MMSE combiner in Remark [1] is used
to maximize the performance during transmission (this was
not done in the original QBC framework of [§])).

The following theorem provides an upper bound on the
performance loss under ZFC and extends results in [§] to
include heterogeneous user conditions and spatial correlation.

Theorem 4. Assume that R j has eigenvalues Ay ps > ... >
Ak,1 > 0 and that N users are selected randomly. The average
rate loss for ZFC (using equal power allocation and the same
~QBC) due to RVQ is upper bounded as

E{gi"(P) - gi"“%(P)}
P
< log, (1 + NDQBCGk)

A%FC-Q
(23)

where the average quantization distortion is

— E{&Q(h]ﬁljlk)} ~ 271\7EM (]Z\\g: 11>_m (24)

DQBC

and the average channel gain with QBC is (where p,, = ﬁ)

M—-1 m

N—M+1)Amn:
YTy (=M D s,

m=tn=tt=mt b (g — ) TT (=) TT (5 —pe)

R
Hm+1 MZL !
Ayt =log, ( o ) EET= (mps + pn (M —m — 1))
m—1M-—-m—1 m—s —m—1—r
N 3 (m)(M—m—l)Mn (—p )Mt
s=0 r=0 5 " ( 1)8(1 +s+ T)
m—s M-m—1-—r
x + (™ = 1)
( Hn Mt ) +
(25)
Proof: The proof is given in Appendix [ ]

The rate loss expressions in Theorem [3] and Theorem [ for
BD and ZFC, respectively, indicate the joint impact of spatial
correlation (at the receiver) and CSI quantization on the per-
formance. The main observation is that spatial correlation only
has a marginal effect on the feedback accuracy; the expressions
have a similar structure as for uncorrelated channels and the
same scaling in the number of feedback bits is necessary to
achieve the maximal multiplexing gain [/7], [8].

Corollary 1. To achieve the maximal multiplexing gain with
BD or ZFC under quantized CSI and arbitrary receive correla-
tion, it is sufficient to scale the total number of CDI feedback
bits for the scheduled users as

Buotal ~ N(N — M)logy(P) + O(1).  (26)

While this corollary only provides a sufficient condition, we
can expect the scaling law in to also be necessary In any
case, the scaling law in 26) is easily satisfied by allocating
(approximately) N — M channel uses for CSI feedback, since
typically the uplink sum rate also behaves as N log, (P)+O(1)
in the high-SNR regime [23]].

"The necessary scaling can be proved for ZFC with QBC using a technique
from [41] Theorem 4], while simulations in [7] show that quantized ZFC and
BD have the same scaling in the necessary number of bits.
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Observe that this result is based on random user selection,
while additional feedback of gain information is necessary
to achieve multi-user diversity or short-term rate adaptation
(cf. [42]). As BD requires M times more bits per user, ZFC
can typically achieve feedback from M times more users. We
therefore expect ZFC to further strengthen its advantage at
finding near-orthogonal users (indicated in Theorem [2| under
perfect CSI). In addition, spatial correlation at the transmitter-
side (and other factors that make the channel matrices ill-
conditioned) will inflict larger performance losses on BD than
ZFC, just as in the case of perfect CSI.

B. Comparison under Estimated CSI

Next, we assume that the base station acquires CSI through
imperfect CSI estimation. The primary focus will be on TDD
systems, where channel estimates are obtained through training
signaling in the uplink (assuming perfect channel reciprocity).
It is worth noting that this approach is similar to having analog
CSI feedback in FDD systems, where the unquantized channel
coefficients are sent on an uplink subcarrier [[7]], [23]E]

The reciprocal uplink counterpart to the system model in

@ is

Vi = H X, + 1 27
where 3, € CV*1 is the received uplink signal, X € CM*!
is the transmitted uplink signal, and 1, ~ CN(0,0%Iy) is
the noise vector{’| To estimate CH H;, € C¥*VN | user k sends
C*Tk over d uplink channel uses, for some known training
matrix Ty € C?*? and where (-)* denotes the complex con-
Jugate. Assummg perfect statistical CSI, the MMSE estimate

H; of C H;, and the corresponding error covariance matrix
Ej are [22]

~

1~
vec(HY) = ?EkaHvec(Yk),

- - T
E; = ((CkHRR,ka® In)~'+ =

where T), = (T ® Iy) and Yy, is the received signal from
training signaling. The training matrix T has a total training
power/SNR constraint tr(TH Ty) = V.

As under quantized CSI, we calculate the precoding by
treating Hj, as the true channel. This results in a lower bound
on the performance and the information rates with BD and

8Digital/quantized feedback might be beneficial over analog/unquantized
feedback when there is plenty of resources for channel estimation [23]. But
if very accurate CSI is required, Corollary [T] shows that the quantization
codebooks grow very large and thus the search for the best codeword might
be computationally infeasible.

9The downlink noise vector was normalized towards the channel matrix in
the system model of (Z). To account for a different noise level at the base
station, o2 is the (relative) uplink noise variance.

ZFC becomes

det( I+ Z HkW?D?gW?D’HH}Ij>

BD-EST £eSBP
9k (P) = log, —
det(ij[-i- Z HkW?DTz‘?V?D’HHg)
£€SBD\ (K}
(29
ZFC-EST pk|c HkWZFC|2
g P)=log, |1+ —
k (P) 2( 1+ > péleHHkW%FCP
£eSTC\ {k}
(30)

for users in the scheduling sets SBP and SZFC, respectively.
The following theorem provides an upper bound on the per-
formance loss under BD due to imperfect CSI estimation.

Theorem 5. Assume that % users are scheduled randomly

under BD. The average rate loss for user k& € SBP (using equal
power allocation) due to CSI estimation is upper bounded as

AP = E{gP(P) — gi"™T(P)}
P(N—=M) (. -~ THT\ "
< log, det <IM + (T) (RR?I; + ];2 >
€1y
Proof: The proof is given in Appendix [ ]

This theorem will be compared with the corresponding
result for ZFC, but before stating that theorem we need to
consider the impact of having MRC as the receive combiner
¢i. ZFC is similar to applying BD to the effective channels
th = ékH H,,, but an important difference is that the effective
channels are not Rayleigh fading because ¢; depends on
the current channel realization. The expression in (28) will
therefore not give the MMSE estimate, but fortunately the
linear MMSE (LMMSE) estimator from a similar expression
to (28)) if we know the first two moments of h; [22].

Lemma 1. Assume that Ry has eigenvalues A\py > ... > A\; >
0, where the user indices were dropped for convenience. If ¢
is the dominating left singular vector of H, it holds that

o the direction W of h = ¢”H is isotropically dis-
tributed on the unit sphere;
« the gain ||h||% is independent of the direction and

M N
zl_[1>\]\2 [He NHM+1(€ -
E{HhH } z:l Cg per(()—&-m-‘,—l det(A)
m= M
m (32)
<ZA5;, )~ (+n
BEBm,m £=0 kEan) ! ZH >‘<;1
where the ijth element of A € RM*M s given by
[Alij =AY TN — ). (33)

In (32), the set of all permutations of {1,..., M} is denoted
Aps. The sign of a given permutation ¢ = {(1,...,(m} €
Ayr is denoted (—1)P'(©), where per(-) is the number of



inversionﬂ in the permuted sequence. Next, B; s is the col-
lection of all subsets of .4, with cardinality [ and increasing
elements (ie., f1 < ... < B for B = {B1,...,0} € Bim).
The upper bound in the summation over ¢ is K;(8) =
Zézl(N — (31). Finally, ﬁél) is the set of all I-length partitions
{k1, ... k) of £ (e, YL, k; = £) that satisfy 0 < k; <
N — ﬂl

Proof: The proof is given in Appendix [G] [ ]
The following theorem provides an upper bound on the
performance loss under ZFC due to imperfect CSI estimation.

Theorem 6. Assume that N users are scheduled randomly
under ZFC and that MRC is applied. The average rate loss
for user k € S#F€ due to CSI estimation is upper bounded as

AZFC—EST _ E{g%FC(P) _ g%FC—EST(P)}
P(N - 1) 1
N o E{|h3} "t + 2

(35)

<logy | 1+

where E{||hg||3} is given in (32).
Proof: The proof is given in Appendix ]
The rate loss expressions in Theorem [5] and Theorem [6]
indicate the joint impact of spatial correlation and imperfect
channel estimation on the performance of BD and ZFC,
respectively. BD is slightly more resilient to CSI uncertainty,
since the BD expression contains (N — M) where the ZFC
expression has (N — 1). But observe that the performance
losses are calculated against the same precoding strategy with
perfect CSI; we know from Section [II] that ZFC and BD
have different preferable user conditions, making it hard to
analytically conclude which strategy to use under imperfect
CSI estimation. However, the important result is the following
extension of [23] to spatially correlated scenarios with M > 1.

Corollary 2. To achieve the maximal multiplexing gain with
BD or ZFC under imperfect CSI estimation and arbitrary
receive correlation, it is necessary and sufficient to scale the
training power ¥ as

P
T — constant < oo when P — oo. (36)

Proof: The proof is given in Appendix [l [ |
This corollary says that the training power/SNR should
increase linearly with the transmit power/SNR to achieve the
optimal sum rate scaling. This is, for example, satisfied by
setting the total training power to ¥ = P under ZFC and
U = MP under BD, which corresponds to the reasonable
assumption of having the same average SNR in the downlink
and in the uplinkm The demands for higher CSI accuracy
with increasing SNR is therefore automatically fulfilled by

10An inversion in a sequence is a pair of numbers that is in incorrect order
(i.e., not in ascending order).

T Battery-powered user devices might operate at lower power budget than
the base station, but Corollary |Z| is satisfied as long as P and W exhibit the
same scaling. In practical scenarios, the path loss is the main source of SNR
variations and affects the downlink and uplink equally.
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Fig. 7. The average achievable sum rate in a system with CSI estimation

errors, N = 8 transmit antennas, M = 4 receive antennas, and the same
average SNR among all users (10 or 20 dB). The performance with different
strategies are shown as a function of the total number of users and for different
correlation factors p among the receive antennas.

the reduced estimation errors. Observe that one uplink channel
use is consumed per user antenna dimension that is estimated,
thus creating a practical bound on how many user channels
that can be estimated in block fading systems [23]]. As ZFC
only has one effective antenna per user, it can accommodate
M times more users than BD on the same estimation overhead
and thereby exploit multi-user diversity to a larger extent.

V. NUMERICAL ILLUSTRATIONS UNDER IMPERFECT CSI

This section consists of two parts. First, the numerical
illustrations in Section [II-B| are continued under imperfect
CSI estimation. Then, we analyze the performance behavior
under quantized CSIL.

A. Continuation of Section under Estimated CSI

We continue the simulations in Section [[II-B] by introduc-
ing imperfect CSI estimation. We use the MSE-minimizing
training matrices from [22, Theorem 1] and training power
U = Pd (for estimation of d dimensions/user). The CBSUS
algorithm in [31] is modiﬁeﬁ to include the average inter-
ference (due to CSI estimation errors) in the scheduling.

The average achievable sum rate is shown in Fig. [/] as a
function of the number of users that we obtain CSI estimates
for using ZFC (while BD only obtains channel estimates for
ﬁ of them). All users have the same average SNR of either 10
or 20 dB. The performance loss compared with having perfect
CSI is 10-20% (see Fig. E[), but the conclusion is otherwise
the same and even clearer than before: ZFC outperforms BD
in terms of performance with few users, in handling spatial
correlation, and in exploiting multi-user diversity.

In case of a circular cell (see Section for details),
the average achievable sum rate is shown in Fig. [§] Recall
from Fig. [f] that BD was often better than ZFC in this

2Estimation errors contribute an average interference of P(|S| —
1)/|S|Eest, where Eeyt = (Rl_%?;_FTkHTk/UQ)—l for BD and Eey =
(1/E{||hg||3}+¥/o?)~1 for ZFC.
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Fig. 8. The average achievable sum rate in a circular cell with CSI estimation
errors, N = 8 transmit antennas, M = 4 receive antennas, and an SNR of
20 dB at the cell edge. The performance with different strategies are shown
as a function of the total number of users and for different correlation factors
p among the receive antennas.
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Fig. 9. The average achievable sum rate in a circular cell with CSI estimation
errors, N = 8 transmit antennas, M = 4 receive antennas, and an SNR of
20 dB at the cell edge. The performance is shown as a function of the total
number of users K, and CSI is only acquired for the users with strongest
long-term statistics.

scenario under perfect CSI, but the case is completely different
under imperfect CSI; ZFC outperforms the other strategies
when the limited resources for CSI acquisition are taken into
account. This means that the ZFC benefit of easily finding
near-orthogonal users (among M times more users than with
BD) dominates the BD benefit of multi-stream multiplexing
(preferably to cell center users). We also tested a MET-like
strategy with greedy stream allocation (we took the optimum
among feeding back 1, 2 or 4 channel dimensions per active
user), but it was always identical to ZFC (in both Fig. f] and
Fig. B)—this further confirms our conclusion.

The users selected for feedback were chosen randomly
(e.g., in a round-robin fashion) in Figs. [7] and [§] but could
theoretically be based on some kind of long-term statistical
CSI. This could for instance mean that ZFC acquires one
dimension from each of the K users, while BD acquires M
dimensions from the % users with the strongest long-term
statistics tr(Ryp x)tr(Rg). The greedy stream allocation
strategy MET in [12] can be generalized to this scenario by
finding the K strongest statistical eigendirections among the
users and acquire CSI for an equivalent number of dimensions
per user. Under these assumptions, the average achievable sum

18 : :
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14l | ——2FC PR i
= —BD

-
N
T

.......... Single-User Transmission

e
(=]
T

Average Sum Rate [bits/channel use]

o N OB~ O
T

0 5 10 15
Average SNR [dB]

Fig. 10. The average achievable sum rate with BD and ZFC, quantized CSI
feedback, N = 4 transmit antennas, M = 2 receive antennas, uncorrelated
channels, and varying SNR. The number of feedback bits is scaled with the
transmit power according to Corollary |I| and [7, Eq. (17)].

rate for the circular cell is shown in Fig. [0] The performance
behavior is quite similar to the case with perfect CSI in Fig. [3}
BD is better than ZFC, except at high correlation, and there is
a large gain from greedy stream allocation. However, we stress
that this scenario is unrealistic as CSI is only acquired for cell
center users, thus reducing the coverage and destroying user
fairness as cell edge users are not even considered when their
channels are relatively strong.

B. Observations under Quantized CSI

Next, we consider quantized CSI and let the number of
feedback bits (per channel dimension) be scaled as (N —
M) log,(P) — constant, where the constant is selected as in
[[7, Eq. (17)] to maintain a 3 dB gap between BD with perfect
and quantized CSI. We consider N = 4 transmit antennas,
M = 2 receive antennas, and RVQ. We also modiny| the
CBSUS algorithm in [31] to include the average interference
due to quantization.

First, we compare BD (having either quantized or perfect
CSI) with quantized ZFC using MESC-MMSE combining [9]]
and with single-user SVD-based transmission (to a randomly
selected user). The quantized effective channels are obtained
from 8 users under ZFC, while the entire channels are quan-
tized for 4 users under BD. The average achievable sum rate
is shown in Fig. [I0] as a function of the average SNR. At
low SNRs, quantized BD only selects one user and performs
similar to single-user transmission. As two data streams are
transmitted to the selected user, both strategies are slightly
better than ZFC in this regime. But quantized ZFC quickly
improves with SNR and becomes the method of choice at
practical SNRs. The simulation was stopped at P = 14.3 dB
where BD requires feedback of 22 bits per user, meaning that
the best codeword is selected in a codebook with over a million
entriesE BD is therefore suboptimal both in terms of sum rate
and computational complexity.

3Quantization errors contribute an average interference of P(|S| —
1)/|S|Equant, where Equan = N/(M(N — M))DBDRRJc for BD and
Eqant = D®BCG/(N — 1) for ZFC. When calculating DBP and DBC,
BD uses M times more feedback bits per user than ZFC.

14An approach to emulate RVQ for very large random codebooks was
proposed in [7]], but this does not change the fact that the quantization
complexity becomes infeasible much faster under BD than under ZFC.
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Fig. 11. Comparison of single-user transmission, BD, and different forms

of ZFC under quantized CSI feedback. The scenario is the same as in [7}
Fig. 6], where the superior single-user strategy was not included.

This observation stands in contrast to the numerical results
in [7|], where BD clearly beats ZFC under quantized CSI. To
explain the difference, we repeat the simulation in [[7, Fig. 6]
with N = 6 transmit antennas and M = 2 receive antennas.
In this simulation, the RVQ codebooks contain 10 bits/user
under BD and 5 bits/user under ZFC. The achievable sum rate
is shown in Fig. [IT] for the quantized BD approach in [7]] and
the ZFC-QBC approach in [8]. We have also included: 1) an
improved version of ZFC-QBC where the MMSE receive com-
biner is applied during transmission; and 2) single-user SVD-
based transmission to a randomly selected user. Our simulation
confirms that BD is better than ZFC in this scenario, but the
difference becomes much smaller when the MMSE combiner
is applied. However, none of these strategies should be used in
this scenario since single-user transmission is vastly superior.
The explanation is that the number of feedback bits is fixed
at a number that only satisfies/exceeds the feedback scaling
law in (26) and [7, Eq. (17)] at low SNRs (cf. [7, Fig. 2]),
while the strict interference mitigation in BD and ZFC is only
practically meaningful at high SNR. The observation in [[7]
is thus misleading and does not contradict the superiority of
ZFC under proper feedback loads.

Conclusions from the mathematical and numerical analysis
are summarized in the next section.

VI. CONCLUSION

This paper analyzed how to divide data streams among
users in a downlink system with many multi-antenna users;
should few users be allocated many streams, or many users be
allocated few streams? New and generalized analytic results
were obtained to study this tradeoff under spatial correlation,
user selection, heterogeneous user channel conditions, and
practical CSI acquisition.

The main conclusion is that sending one stream per selected
user and exploiting receive combining is the best choice under
realistic conditions. This is good news as it reduces the hard-
ware requirements at the users, compared with multi-stream
multiplexing, and enables computationally efficient resource
allocation as in [43]. The result is explained by a stronger
resilience towards spatial correlation and larger benefit from
user selection. To arrive at alternative conclusions, one has to
consider a scenario with heterogeneous user conditions with
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either perfect CSI (unrealistic) or where CSI is only acquired
for the strongest users (destroys coverage and fairness). It
should however be noted that if only very inaccurate CSI can
be acquired, then inter-user interference will limit performance
thus making single-user transmission advantageous.

APPENDIX A
COLLECTION OF LEMMAS

This appendix contains two lemmas that are essential for
proving the theorems of this paper. The first result shows how
spatial correlation at the receiver affects the channel directions.

Lemma 2. Let A > 0jp; be any Hermitian positive-definite
matrix_and let H € CMXN be an arbitrary matrix. Then,
span(H) = span(AH), where span(-) denotes the row space.

Proof: Let A = U,A4UX be an eigen decomposition
of A. The lemma follows by observing that U4 only rotates
the basis vectors of the row space and A 4 scales the rows
without affecting their span. [ ]

The second result generalizes the bounding of performance
loss under imperfect CSI in [7]], [8].

Lemma 3. Let Wk,wk be isotropically distributed on the
Grassmannian manifold Gy 4, and independent of Hy,, then

IE{ log, det (Idk +§ékHHkaW;€IHkHék) }

det (T4, + 5 LCHH, W, WIHIC, )
14

—E < log, — — —
det (T4, + % Y. CHH, W, W/'H[!/Cy )
(#k
P - ~ ~
< log, det (Idk +NZE{C,€HH,€W;€W£IH,€HC,€}).
£k
(37)

Proof: This lemma follows from two inequalities. First,

P~ -
E{ log, det (Idk + S CHW, WITH] ck) }
P - — -
. ]E{ log, det (Idk 52 CfHngWfHkHCk> } <0
¢
(38)
since CHH,W,WHHIC, and CIH,W,WIHIC,
have the same distribution, and the second term contains

additional positive semi-definite matrices. Second, applying
Jensen’s inequality on the concave function log, det(-) gives

IE{ log, det (Idk +§ Z;C éfHngWfHkHék) }
< log, det (Idk +£ 3 E{éfﬂkﬁvﬁvfﬂfék}).
£k
(39

The lemma follows from combining (38) and (39). [
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APPENDIX B

Proof of Theorem [I} Using (I0), the expected asymptotic
difference is

_ det(H, WBDWEP-H 11
Bep-zic = E {logz (erSBD ( s ZII§C|2 :) :

[resme & Hews
The direction B4 ) : “” is isotropically distributed on the unit
Ce

sphere, according to Lemma[I] This enables us to rewrite (#0)
as

_ det(H, WBDWED-H i1 #
Bap.grc =E {log2 <ersBD et(Hg Vi k k)

[Ticgme [HwWZC)2
+ Z log, det(Rp k) — Z E{z¢}
keSBDb LeS7C

(41)

H ~
where 2z, = E{10g2 (Lf H"H2)} and h, ~ CN(0O, IN)

lIhel|3
The first term in (@) equals the first term in (TI) by ap-
plying [27, Theorem 3]. The cited theorem was stated for
uncorrelated channels, but can be applied in our scenario
since WBP is not affected by the receive-side correlation
matrices Ry o V¢ € SZC; see Lemma [2]in Appendix [A] Two
bounds on z; are given in the theorem. The lower bound is
achieved by the suboptimal choice of ¢, as the dominating
eigenvector of Rpy; this makes ¢/ H, ~ CN(0, \¢,pmIn).
The upper bound is achieved from Lemma [T] by applying
Jensen’s inequality and computing E{10g2(||hg|| )} = ]g’g(N)
using standard integration.

APPENDIX C

Proof of Theorem [2 We begin with BD and assume that
there are K candidates to become the new user k£, K =
{1,...,K } while the other users in SBP are fixed. Since
|SBP| = %, all available degrees of freedom are consumed
by the mterference cancelation. The precoding matrix WEP
is therefore completely determined by the common null space
of the co-users’ channels and fixed in this proof.

Minimizing corresponds to finding the user ¢ € IC with
the row space of H, most compatible with WEP. For a user
candidate ¢ € KC, we can lower bound (14) as

—E{log, det(BeWEDwgD’HBf)}
— ME{log, (det(B,WEPWEP-H B )1/M )}

tr(B,WBPW P BIT)
> _ME{1
> { 0o ( M
BDywBD. Hp H
> _Mlog, (E{tr(Bng wEP-Ag! )})
M
E{tr(B,WEPW ;> BIT) — M}
=M1 1 :
Og2< + M

(42)

The first inequality is the classic inequality between arithmetic
and geometric means, while the second inequality follows

I5The vector hy is correlated with &HH, (they have the same direction),
but this property does not affect the proof.

from applying Jensen’s inequality on the convex function
—log, det(-). The final expression in (@2) contains M —
tr(B,WBPWPP ¥ BIT) which is the squared chordal distance
between B, and WEP.

Since the matrices By, for £ € K, are independent and
isotropically distributed on the Grassmannian manifold Gy, s
irrespective of the receive-side correlation (see Lemma [2)), we
can bring in results from [28]] on quantization of Grassmannian
manifolds using K random codewords. From [28, Theorem 4],
we have the following lower bound on the average squared
chordal distance (for sufficiently large K):

min E{M—tr(BgWEDwgD’HBf )}

MN - M)  —sew=w o= wrei=sny
= M(N = M) + 1VMM2
(43)

where ¢y, a2 1s a positive constant defined in [28, Eq. (8)].
Plugging into (@2)) yields the lower bound for BD in the
theorem.

A similar approach can be taken under ZFC (by setting
M =1 in the derivation), but the M receive antennas provide
degrees of freedom to select the effective channel as the vector
in the row space of H, that minimizes the chordal distance to
w2FC_ This is done by the QBC approach in [8], which was
derived for uncorrelated channels but can be applied under
receive correlation due to Lemma [2| We apply [8, Lemma 1],
which says that the minimal chordal distance is the minimum
of K independent (N — M, M)-distributed random variables.
This quantity can be lower bounded by taking the minimum
of K independent (N — M, 1) variables and further lower
bounded by the quantization bound in [28, Theorem 4]:

hH ZFC
min E 1—‘ ¢ W
ek IIhe||2

1
T (N—=M)
N—-—M+1,1,1,2

(44)

| (N=M)K e
(N—M)+1

where c¢y_pr41,1,1,2 1S a positive constant defined in [28,
Eq. (8)]. Plugging into for M =1 yields the lower
bound for ZFC in the theorem.

APPENDIX D

Proof of Theorem [3} Using Lemma 2l the row space of
the correlated channel H;, = RR ka is the same as for

the uncorrelated channel Hj. Consequently, WBP will be
isotropically distributed on the Grassmannian manifold GN,Ms
just as proved for uncorrelated channels in [/, Theorem 1].
The performance loss can therefore be bounded using Lemma
Bl and it only remains to characterize E{H, WEPW; > H/ }
for ¢ # k. Observe that

E{H, WP W™ Hy'}

) (45)
= Ry{{E{L,. Q. WEPW P QLI R/

using that Hy, = Rl/sz = R Lka, where L, € CM*xM
is the lower triangular matrix and Qi € (CNi XN is the semi-
unitary matrix in an LQ decomposition of Hj. Observe that



L; and Qj are independent, thus we can calculate their
expectations sequentially as

E{L; QW W QI Ly}
DBD NDBD
T N-M N-M
The first equality follows from [7, Eq. (43)—(45)], while the
second follows from E{L;L} = NI, (since E{H,H} =
NT,y). Plugging @6) into Lemma [3] yields
P/N NDBP
—(—=-1 R 47
N (M ) N R k) 47

from which (20) follows directly. The approximate expression
for DBP is given in [7, Eq. (26)].

(46)

E{L,ILI} =

APBP < log, det <IM +

APPENDIX E

Proof of Theorem H} This proof follows along the lines
of [8 Theorem 1], with the difference that 1) we have
spatial correlation at the receiver; and 2) we use QBC also
under perfect CSI. Using Lemma [2] we observe that the
row space of the correlated channel Hy = RR ka is the

same as for the uncorrelated channel Hy,. Since the gain of
the effective channel is ignored in 22), the error-minimizing
codeword is the same as for uncorrelated channels and we
can apply [8, Lemma 2] to conclude that the direction of
the effective channel h, = HY ék BC s isotropically dis-
tributed. The beamforming vector w#FC is independent of
h; and also isotropic, thus the performance loss can be
bounded using Lemma [3] It only remains to characterize
E{[bf/WF 2} = E{|hy|3VE{| mi-wFC?) for ¢ # k.

The second factor equals % using [41, Lemma 2] and [8}
Eq. (17)], while computing the average norm E{|hy||3} of
the effective channel is nontrivial. To enable reuse of results
from [8], let ¢ ~U BC pe the QBC for the uncorrelated channel

Hk and observe that

R_1/2gU-QBC

cQBC _ Rk Ck

_— 48)
Ck —1/2~ U BC (
IR &l
We can therefore express the effective channel as
h HH®BC _ H RJ_%lk/QéIkJ_QBC HH UQBC
k= Hr Ck —12UBC —12UBC
IR e, Ry, e,
(49)
and its squared norm will be
1
~U-QBC
Hthz = ”HH < ||2 UQBC HR 1 ~U QBC* (50)
Cr R,kCk

The first factor is the same as under uncorrelated fading and
satisfies E{|[HZ &Y P2} = N — M + 1 (see [8, Lemma
4]), while the second factor depends on R ;. Since both the
quantization codebook and I:I;C are isotropically distributed,
NU'QBC is also isotropic and the two terms in (50) are inde-
pendent To characterize the second term, observe that cU QBC
can be viewed as a normalized uncorrelated mrcular-symmetrlc
complex Gaussian vector. By using that the eigenvectors
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of Rp  are not affecting the distribution and that squared
magnitudes of CN (0, 1)-variables are exponentially distributed
[44]), we conclude that the second term of ([3_6]) has the same
distribution as o

Zi:l fz

Z]W &
=1 A g

for some independent exponentially distributed &; ~ Exp(1).
For any a such that A\, < a < A m41, We can write the
CDF as

(G

M
Pr 72;&:13 <a
Zi:l x;,i
m M
a a
:Pr{Z(/\ 4—1)51-— > ( 3 4>£¢>0}.
i:l&/_/ i:m—&-l#
>0 >0

(52)
This is the difference of two sums of exponentially distributed
variables (with distinct positive variances). The PDF of each
sum is characterized by [44, Theorem 4] and by calculating
their convolution and integrating over all positive values, we
achieve the CDF

P sz\il &
L ey
D1 Nei
m M —1\m/ . — —m—
72 Z (Mn*al) (alfﬂt)M !
B m M
b (= ) [T (i — i) 11 (5 = )
= j=m-+1
i#n J#l
(53)

using the simplifying notation p,, = ﬁ The corresponding
mean value is achieved from the CDF by simply taking the
derivative and sum up the mean values over each a-interval.
By multiplying the mean value expression with N — M + 1
(i.e., the contribution of the first part in (50)), we achieve the
expression for Gy,.

APPENDIX F

Proof of Theorem [3} The proof follows along the lines of
Theorem [3] but we consider CSI estimation errors instead of
quantization errors. First, observe that both WEP and WBD
isotropically distributed on the Grassmannian mamfold Q N.M
(since receive-side correlation is not affecting the row space
of Hy and Hj; see Lemma [2). The performance loss can
therefore be bounded using Lemma [] and it only remains to
characterize E{HkWBDWBD HHH } for ¢ # k. From (28)
we have

H, 1/2

— Hy + R/ (54)

where the second term is the estimation error, Rg ), =
-1 ~

(R;LT,; + ng’“) , and E; has CN(0, 1)-entries. By using

that ﬁkVAVBD = 0 for ¢ # k, we achieve

E{H,WPW;>"H} = R}/ E(E,WPW PP E R/}
(55)
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where E{EkW WBDHEH} = MIM since Ej, is
complex Gaussian and independent of WBD. Therefore,

E{H, WEPW*> T HH} = ) (RR At T’“)

APPENDIX G

Proof of Lemma [I} Observe that H = RY/*H has the
same distribution as HU for any unitary matrix U. Thus,
we can rotate h arbitrarily without changing the statistics,
meaning that ﬁ must be isotropically distributed. Next, note
that |h|j3 = ||cfHU||2 = ||¢”H||2, thus unitary rotations
will not affect the effective channel gain meaning that the
direction and the channel gain are statistically independent.
|h||3 is the dominating eigenvalue of the correlated complex
Wishart matrix HH” € W), (N,Rg). The expectation in
(32) achieved directly from [45, Theorem 3] or by using the
moment generating function in [46] (which gives an equivalent
expression that looks slightly different).

APPENDIX H

Proof of Theorem |6} This theorem is proved in the same way
as Theorem [5] The only notable difference is that we use the
effective channel hy, which has a single effective receive an-
tenna, instead of the original channel Hy. The effective chan-
nel is zero-mean and has an average channel gain E{||hy||3}
given by (32). Thus, the effective channel and its channel

- ~1/2

estimate is related as hil = hf + (m + %) ek,
2 l2

where €;, ~ CN(0,1y).

APPENDIX I

Proof of Corollary 2} The sufficiency is easily achieved
from Theorem [5] and Theorem [6] To obtain the necessity with
BD, consider the interference term Hy WEPY ,WEP-AHA —
Rl/ 2 EkW?DWBD HEH RlE/ i, where the true and estimated
are related as in G4. Th1s term must be bounded as P — oo.
Slnce the product EkWBD is non-zero almost surely and
Tg — M\SBD\IM’ it is necessary that fRE & has bounded
elements. This makes a necessary cond1t1on. The proof
for ZFC is analogous.

REFERENCES

[1] D. Gesbert, M. Kountouris, R. Heath, C.-B. Chae, and T. Silzer,
“Shifting the MIMO paradigm,” IEEE Signal Process. Mag., vol. 24,
no. 5, pp. 3646, 2007.

[2] F. Rusek, D. Persson, B. Lau, E. Larsson, T. Marzetta, O. Edfors, and
F. Tufvesson, “Scaling up MIMO: Opportunities and challenges with
very large arrays,” IEEE Signal Process. Mag., vol. 30, no. 1, pp. 40—
60, 2013.

[3] J. Hoydis, M. Kobayashi, and M. Debbah, “Green small-cell networks,”
IEEE Veh. Technol. Mag., vol. 6, no. 1, pp. 3743, 2011.

[4] H. Weingarten, Y. Steinberg, and S. Shamai, “The capacity region of
the Gaussian multiple-input multiple-output broadcast channel,” IEEE
Trans. Inf. Theory, vol. 52, no. 9, pp. 3936-3964, 2006.

[5] R. Roy and B. Ottersten, “Spatial division multiple access wireless
communication systems,” US Patent, 1991, 5515378.

[6] Q. Spencer, A. Swindlehurst, and M. Haardt, “Zero-forcing methods
for downlink spatial multiplexing in multiuser MIMO channels,” IEEE
Trans. Signal Process., vol. 52, no. 2, pp. 461-471, 2004.

[71 N. Ravindran and N. Jindal, “Limited feedback-based block diagonal-
ization for the MIMO broadcast channel,” IEEE J. Sel. Areas Commun.,
vol. 26, no. 8, pp. 1473-1482, 2008.

[8]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

(25]

[26]

[27]

[28]

[29]

[30]

(31]

N. Jindal, “Antenna combining for the MIMO downlink channel,” IEEE
Trans. Wireless Commun., vol. 7, no. 10, pp. 3834-3844, 2008.

M. Trivellato, F. Boccardi, and H. Huang, “On transceiver design and
channel quantization for downlink multiuser MIMO systems with limited
feedback,” IEEE J. Sel. Areas Commun., vol. 26, no. 8, pp. 1494-1504,
2008.

Z.-Q. Luo and S. Zhang, “Dynamic spectrum management: Complexity
and duality,” IEEE J. Sel. Topics Signal Process., vol. 2, no. 1, pp. 57—
73, 2008.

A. Tolli and M. Juntti, “Scheduling for multiuser MIMO downlink with
linear processing,” in Proc. IEEE PIMRC, 2005, pp. 156-160.

F. Boccardi and H. Huang, “A near-optimum technique using linear
precoding for the MIMO broadcast channel,” in Proc. IEEE ICASSP,
vol. 3, 2007, pp. 17-20.

R. Chen, Z. Shen, J. Andrews, and R. Heath, “Multimode transmission
for multiuser MIMO systems with block diagonalization,” IEEE Trans.
Signal Process., vol. 56, no. 7, pp. 3294-3302, 2008.

C. Guthy, W. Utschick, R. Hunger, and M. Joham, “Efficient weighted
sum rate maximization with linear precoding,” IEEE Trans. Signal
Process., vol. 58, no. 4, pp. 2284-2297, 2010.

A. Bayesteh and A. Khandani, “On the user selection for MIMO
broadcast channels,” IEEE Trans. Inf. Theory, vol. 54, no. 3, pp. 1086—
1107, 2008.

W. Rhee, W. Yu, and J. Cioffi, “The optimality of beamforming in uplink
multiuser wireless systems,” IEEE Trans. Wireless Commun., vol. 3,
no. 1, pp. 86-96, 2004.

M. Dohler, R. Heath, A. Lozano, C. Papadias, and R. Valenzuela, “Is the
PHY layer dead?” IEEE Commun. Mag., vol. 49, no. 4, pp. 159-165,
2011.

L. Zheng and D. Tse, “Diversity and multiplexing: A fundamental
tradeoft in multiple-antenna channels,” I[EEE Trans. Inf. Theory, vol. 49,
no. 5, pp. 1073-1096, 2003.

A. Lozano and N. Jindal, “Transmit diversity vs. spatial multiplexing in
modern MIMO systems,” IEEE Trans. Wireless Commun., vol. 9, no. 1,
pp. 186-197, 2010.

D. Chizhik, J. Ling, P. Wolniansky, R. Valenzuela, N. Costa, and
K. Huber, “Multiple-input-multiple-output measurements and modeling
in Manhattan,” IEEE J. Sel. Areas Commun., vol. 21, no. 3, pp. 321-331,
2003.

K. Yu, M. Bengtsson, B. Ottersten, D. McNamara, P. Karlsson, and
M. Beach, “Modeling of wide-band MIMO radio channels based on
NLoS indoor measurements,” IEEE Trans. Veh. Technol., vol. 53, no. 3,
pp. 655-665, 2004.

E. Bjornson and B. Ottersten, “A framework for training-based esti-
mation in arbitrarily correlated Rician MIMO channels with Rician
disturbance,” IEEE Trans. Signal Process., vol. 58, no. 3, pp. 1807-
1820, 2010.

G. Caire, N. Jindal, M. Kobayashi, and N. Ravindran, “Multiuser MIMO
achievable rates with downlink training and channel state feedback,”
IEEE Trans. Inf. Theory, vol. 56, no. 6, pp. 2845-2866, 2010.

T. Yoo and A. Goldsmith, “Capacity and power allocation for fading
MIMO channels with channel estimation error,” IEEE Trans. Inf. Theory,
vol. 52, no. 5, pp. 2203-2214, 2006.

Q. Shi, M. Razaviyayn, Z.-Q. Luo, and C. He, “An iteratively weighted
MMSE approach to distributed sum-utility maximization for a MIMO
interfering broadcast channel,” IEEE Trans. Signal Process., vol. 59,
no. 9, pp. 4331-4340, 2011.

T. Yoo and A. Goldsmith, “On the optimality of multiantenna broad-
cast scheduling using zero-forcing beamforming,” IEEE J. Sel. Areas
Commun., vol. 24, no. 3, pp. 528-541, 2006.

J. Lee and N. Jindal, “High SNR analysis for MIMO broadcast channels:
Dirty paper coding vs. linear precoding,” IEEE Trans. Inf. Theory,
vol. 53, no. 12, pp. 4787-4792, 2007.

W. Dai, Y. Liu, and B. Rider, “Quantization bounds on Grassmann
manifolds and applications to MIMO communications,” IEEE Trans.
Inf. Theory, vol. 54, no. 3, pp. 1108-1123, 2008.

S. Loyka, “Channel capacity of MIMO architecture using the exponential
correlation matrix,” /[EEE Commun. Lett., vol. 5, no. 9, pp. 369-371,
2001.

E. Bjornson, D. Hammarwall, and B. Ottersten, “Exploiting quantized
channel norm feedback through conditional statistics in arbitrarily cor-
related MIMO systems,” IEEE Trans. Signal Process., vol. 57, no. 10,
pp. 40274041, 2009.

Z. Shen, R. Chen, J. Andrews, R. Heath, and B. Evans, “Low complexity
user selection algorithms for multiuser MIMO systems with block
diagonalization,” IEEE Trans. Signal Process., vol. 54, no. 9, pp. 3658—
3663, 2006.



[32] E. Bjornson, M. Bengtsson, and B. Ottersten, “Receive combining vs.
multistream multiplexing in multiuser MIMO systems,” in Proc. I[EEE
Swe-CTW, 2011, pp. 109-114.

D. Love, R. Heath, and T. Strohmer, “Grassmannian beamforming
for multiple-input multiple-output wireless systems,” IEEE Trans. Inf.
Theory, vol. 49, no. 10, pp. 2735-2747, 2003.

V. Raghavan, R. Heath, and A. Sayeed, “Systematic codebook designs
for quantized beamforming in correlated MIMO channels,” IEEE J. Sel.
Areas Commun., vol. 25, no. 7, pp. 1298-1310, 2007.

D. Love, R. Heath, V. Lau, D. Gesbert, B. Rao, and M. Andrews, “An
overview of limited feedback in wireless communication systems,” [EEE
J. Sel. Areas Commun., vol. 26, no. 8, pp. 1341-1365, 2008.

S. Zhou and B. Li, “BER criterion and codebook construction for finite-
rate precoded spatial multiplexing with linear receivers,” IEEE Trans.
Signal Process., vol. 54, no. 5, pp. 1653-1665, 2006.

W. Santipach and M. Honig, “Asymptotic capacity of beamforming with
limited feedback,” in Proc. IEEE ISIT, 2004.

C. Au-Yeung and D. Love, “On the performance of random vector
quantization limited feedback beamforming in a MISO system,” IEEE
Trans. Wireless Commun., vol. 6, no. 2, pp. 458-462, 2007.

M. Kountouris, R. de Francisco, D. Gesbert, D. Slock, and T. Silzer,
“Multiuser diversity - multiplexing tradeoff in MIMO broadcast channels
with limited feedback,” in Proc. ACSSC, 2006, pp. 364-368.

N. Ravindran and N. Jindal, “Multi-user diversity vs. accurate channel
feedback for MIMO broadcast channels,” in Proc. IEEE ICC, 2008, pp.
3684-3688.

N. Jindal, “MIMO broadcast channels with finite-rate feedback,” IEEE
Trans. Inf. Theory, vol. 52, no. 11, pp. 5045-5060, 2006.

T. Yoo, N. Jindal, and A. Goldsmith, “Multi-antenna downlink channels
with limited feedback and user selection,” IEEE J. Sel. Areas Commun.,
vol. 25, no. 7, pp. 1478-1491, 2007.

E. Bjornson and E. Jorswieck, “Optimal resource allocation in coordi-
nated multi-cell systems,” Foundations and Trends in Communications
and Information Theory, vol. 9, no. 2-3, pp. 113-381, 2013.

D. Hammarwall, M. Bengtsson, and B. Ottersten, “Acquiring partial
CSI for spatially selective transmission by instantaneous channel norm
feedback,” IEEE Trans. Signal Process., vol. 56, no. 3, pp. 1188-1204,
2008.

E. Bjornson and B. Ottersten, “Post-user-selection quantization and
estimation of correlated Frobenius and spectral channel norms,” in
Proc. IEEE PIMRC, 2008.

M. McKay, I. Collings, and P. Smith, “Capacity and SER analysis of
MIMO beamforming with MRC,” in Proc. IEEE ICC, 2006.

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Emil Bjornson (S’07-M’12) was born in Malmo,
Sweden, in 1983. He received the M.S. degree in En-
gineering Mathematics from Lund University, Lund,
Sweden, in 2007. He received the Ph.D. degree in
Telecommunications from the Signal Processing Lab
at KTH Royal Institute of Technology, Stockholm,
Sweden, in 2011. He is the first author of the book
“Optimal Resource Allocation in Coordinated Multi-
Cell Systems” published in 2013.

Dr. Bjornson was one of the first recipients of
the International Postdoc Grant from the Swedish
Research Council. This grant is currently funding a joint postdoctoral research
fellowship at the Alcatel-Lucent Chair on Flexible Radio, SUPELEC, Paris,
France, and the Signal Processing Lab at KTH Royal Institute of Technology,
Stockholm, Sweden. His research interests include multi-antenna communica-
tions, resource allocation, random matrix theory, estimation theory, stochastic
signal processing, and optimization.

For his work on optimization of multi-cell MIMO communications, he
received a Best Paper Award at the 2009 International Conference on Wireless
Communications & Signal Processing (WCSP’09) and a Best Student Paper
Award at the 2011 IEEE International Workshop on Computational Advances
in Multi-Sensor Adaptive Processing (CAMSAP’11).

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 61, NO. 13, JULY 1, 2013

Marios Kountouris (S’04-M’08) received the
Diploma in Electrical and Computer Engineering
from the National Technical University of Athens,
Greece, in 2002 and the M.Sc. and Ph.D. degrees
in Electrical Engineering from the Ecole Nationale
Supérieure des Télécommunications (Telecom Paris-
Tech), France, in 2004 and 2008, respectively. His
doctoral research was carried out at Eurecom Insti-
tute, France, funded by France Telecom - Orange
Labs, France. From February 2008 to May 2009, he
has been with the Department of Electrical and Com-
puter Engineering at the University of Texas at Austin, USA, as a postdoctoral
research associate, working on wireless ad hoc networks under DARPA’s
ITMANET program. Since June 2009 he has been with the Department of
Telecommunications at SUPELEC (Ecole Supérieure D’Electricité), France
where he is currently an Assistant Professor. His research interests include
multiuser multi-antenna communications, heterogeneous wireless networks,
interference modeling, and network information theory. He is currently an
Editor for the EURASIP Journal on Wireless Communications and Network-
ing and Vice Chair of IEEE SIG on Green Cellular Networks. He received
the Best Paper Award in Communication Theory Symposium at the IEEE
Globecom conference in 2009 and the 2012 IEEE SPS Signal Processing
Magazine Award. He is a Member of the IEEE and a Professional Engineer
of the Technical Chamber of Greece.

Mats Bengtsson (M’00-SM’06) received the M.S.
degree in computer science from Linkoping Univer-
sity, Linkoping, Sweden, in 1991 and the Tech. Lic.
and Ph.D. degrees in electrical engineering from
the KTH Royal Institute of Technology, Stockholm,
Sweden, in 1997 and 2000, respectively.

From 1991 to 1995, he was with Ericsson Telecom
AB Karlstad. He currently holds a position as Asso-
ciate Professor at the Signal Processing Laboratory,
School of Electrical Engineering, KTH. His research
interests include statistical signal processing and its
applications to communications, multi-antenna processing, cooperative com-
munication, radio resource management, and propagation channel modelling.
Dr. Bengtsson served as Associate Editor for the IEEE Transactions on Signal
Processing 2007-2009 and was a member of the IEEE SPCOM Technical
Committee 2007-2012.

Bjorn Ottersten (S’87-M’89-SM’99-F’04) was
born in Stockholm, Sweden, 1961. He received the
M.S. degree in electrical engineering and applied
physics from Linkoping University, Linkoping, Swe-
den, in 1986. In 1989 he received the Ph.D. degree
in electrical engineering from Stanford University,
Stanford, CA. Dr. Ottersten has held research po-
sitions at the Department of Electrical Engineering,
Linkoping University, the Information Systems Lab-
oratory, Stanford University, the Katholieke Univer-
siteit Leuven, Leuven, and the University of Luxem-
bourg. During 96/97 Dr. Ottersten was Director of Research at ArrayComm
Inc, a start-up in San Jose, California based on Ottersten’s patented technology.
He has co-authored journal papers that received the IEEE Signal Processing
Society Best Paper Award in 1993, 2001, and 2006 and 3 IEEE conference
papers receiving Best Paper Awards. In 1991 he was appointed Professor
of Signal Processing at the KTH Royal Institute of Technology, Stockholm.
From 1992 to 2004 he was head of the department for Signals, Sensors,
and Systems at KTH and from 2004 to 2008 he was dean of the School of
Electrical Engineering at KTH.

Currently, Dr. Ottersten is Director for the Interdisciplinary Centre for
Security, Reliability and Trust at the University of Luxembourg. As Digital
Champion of Luxembourg, he acts as an adviser to European Commissioner
Neelie Kroes. Dr. Ottersten has served as Associate Editor for the IEEE
Transactions on Signal Processing and on the editorial board of IEEE Signal
Processing Magazine. He is currently editor in chief of EURASIP Signal
Processing Journal and a member of the editorial board of EURASIP Journal
of Applied Signal Processing. Dr. Ottersten currently serves on the IEEE
Signal Processing Society Board of Governors and is a Fellow of the IEEE and
EURASIP. In 2011 he received the IEEE Signal Processing Society Technical
Achievement Award. He is a first recipient of the European Research Council
advanced research grant. His research interests include security and trust,
reliable wireless communications, and statistical signal processing.




	I Introduction
	I-A Related Work
	I-B Main Contributions

	II System Model
	II-A Cyclic System Operation
	II-B Linear Precoding: General Problem Formulation
	II-C Linear Precoding: BD and ZFC

	III Comparison of BD and ZFC with Perfect CSI
	III-A Impact of User Selection
	III-B Numerical Illustrations under Perfect CSI

	IV Comparison of BD and ZFC with Imperfect CSI
	IV-A Comparison with Quantized CSI
	IV-B Comparison under Estimated CSI

	V Numerical Illustrations Under Imperfect CSI
	V-A Continuation of Section ?? under Estimated CSI
	V-B Observations under Quantized CSI

	VI Conclusion
	Appendix A: Collection of Lemmas
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H
	Appendix I
	References
	Biographies
	Emil Björnson
	Marios Kountouris
	Mats Bengtsson
	Björn Ottersten


