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SUMMARY
Several multiple-input multiple-output (MIMO) techniques have been proposed for 3GPP WCDMA/HSDPA systems and several performance evaluation for the comparison purpose are in progress.
Most MIMO candidates in HSDPA have been generally designed for pointto-point communication, which means that a single-user throughput is of
their major concern. However, multiple users and user scheduling need to
be considered in wireless packet transmission, so as to maximize system
throughput. In this paper we propose an eﬀective user scheduling technique in both space and time domains that oﬀers three main benefits, which
are the spatial-beamforming, uplink feedback signaling, and advanced receivers. Furthermore, user scheduling is combined with modified successive interference cancellation (SIC) reception, which allocates all transmit
antennas to the best user with SIC or each transmit antenna to diﬀerent
users with minimum mean squared-error (MMSE). Simulation results show
that the proposed scheme has higher user diversity gain than other MIMO
candidates in terms of achievable throughput.
key words: multiuser, MIMO, STMA, WCDMA, HSDPA

1.

Introduction

In third generation wireless mobile communications (e.g.,
wideband code division multiple access (WCDMA) [2]),
high-rate data transmission need to be supported for wireless multimedia services. High speed downlink packet access (HSDPA) is a solution to achieve a bit rate of 10 Mbps.
HSDPA systems utilize various technologies such as adaptive modulation and coding (AMC), hybrid automatic repeat
request (H-ARQ), fast cell selection (FCS), and multipleinput multiple-output (MIMO) antenna processing [3]. In
MIMO systems, multiple data streams are transmitted in
parallel through multiple antennas, which increases reliability as well as spectral eﬃciency [4]. Space-time block
coding (STBC) is one of the major techniques to achieve
full transmit diversity and has a simple maximum-likelihood
decoding algorithm at the receiver [5]. Beamforming is another method to improve link reliability by interference rejection and linear combining [6]. Transmit/receive diversity
is a well-known technique to reduce the fluctuation of fadManuscript received November 4, 2004.
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ing, resulting in diversity gain [7]. Spatial multiplexing is
used to exploit multiplexing gain by transmitting diﬀerent
data symbols from multiple transmit antennas, simultaneously [8].
Recently, MIMO technology has been an active area
as a working item in WCDMA/HSDPA standardizations by
3GPP [9]. The proposed schemes in 3GPP are based on the
combination of various MIMO technologies such as beamforming, space-time block coding, transmit diversity, and/or
multiplexing. One of the significant factors in 3GPP MIMO
is the channel state information (CSI) signaling. Depending
on the various types of transmission approaches, both the required types and the estimation algorithms for CSI can vary.
Thus, the feedback signaling of CSI needs to be designed in
an optimized way, especially when the transmitter has multiple transmit antennas, in which both AMC and precoding
can be applied to maximize the link throughput and/or minimize the error rate. In radio communication systems with
multiple access such as cellular systems, multiuser signaling is of important concern for system design. A scheduling
criterion must be considered for sum rate improvement in a
multiuser MIMO while a single-user MIMO is designed to
improve a point-to-point link throughput.
In this paper, we propose a novel multiuser MIMO
scheme which exploits user diversity for scheduling users
and adapts the transmit beamforming based on the feedback
information. We also investigate the scheduling schemes
when combined together with advanced receiver structures.
Furthermore, we compare the system performance of our
proposed multiuser MIMO scheme with other schemes in
3GPP. The remainder of the paper is organized as follows.
Section 3 gives an overview of 3GPP MIMO schemes. In
Sects. 4 and 4.2, we propose an eﬀective multiuser MIMO
scheme and scheduling criteria with advanced receivers, respectively. Simulation results are presented in Sect. 5. Finally, we draw some conclusions in Sect. 6.
Notation: The notation E represents the expectation
operator, and the superscripts T and H stand for transposition, conjugate transposition, respectively.
2.

System Model

In Fig. 1, a multiuser MIMO system in wireless MIMO
broadcast channels is illustrated, in which a radio base sta-
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Fig. 2
Fig. 1

A multiuser MIMO system.

tion (BS) communicates with K mobile stations (MSs) [10].
Each MS has the linear/non-linear reception entity and Mr
receive antennas, while the BS has Mt transmit antennas.
Based on the partial or full channel state information (CSI)
fed back from MSs, BS performs appropriate space-time
processing such as multiuser scheduling [11], power and
modulation adaptation [12], beamforming [13], and spacetime coding [5]. Here, CSI includes channel direction information (CDI) and channel quality information (CQI), which
are used for determining the beamforming direction and the
power allocation for each beam.
Assume that Hk is the Mr × Mt MIMO channel matrix
from the BS to the kth MS, xk is the Mt × 1 transmitted
symbol vector intended for the kth MS, and yk is the Mr ×
1 received symbol vector at the kth MS. In addition, nk is
the Mr × 1 independent and identically distributed (i.i.d.)
additive white Gaussian noise (AWGN) vector ∼ CN(0, I Mr )
where I Mr denotes the Mr × Mr identity matrix. Then, the
received signal for the kth MS in multiuser MIMO systems
is mathematically described as
yk = Hk x + nk

(1)
K

where k = 1, . . . , K, and x = k=1 xk . The transmitter is
subject to an average power constraint Tr(Σ x ) ≤ P where
Σ x  E[xxH ] denotes the covariance matrix of the input signal. In our analysis, the mobile channel Hk is modeled as a
single path Rayleigh with i.i.d. entries ∼ CN(0, 1) and block
fading.
3.

Schematic of PARC transmitter.

TDMA MIMO Schemes

3.1 Per-Antenna Rate Control (PARC)
Lucent initially proposed their multiple antenna solution,
which is called the per-antenna rate control (PARC), in
3GPP MIMO TR [14]. The transmitter structure of PARC
is shown in Fig. 2, in which separately encoded data streams
are transmitted from each antenna with equal power but possibly with diﬀerent data rates while spreading code is reused
through all streams. The data rates for each antenna are
controlled by adaptively allocating transmit resources such
as modulation order, code rate, and number of spreading
codes. The post-decoding signal-to-interference-plus-noise

ratio (SINR) of each transmit antenna is estimated at the receiver and then fed back to the transmitter, which is used to
determine the data rate on each antenna. The vector signaling with more feedback overhead over the scalar signaling
in conventional systems is required for link adaptation.
The minimum mean squared-error (MMSE) filtering
and successive interference cancellation (SIC) are applied
to the receiver, i.e., MMSE-SIC reception, or V-BLAST detection, [15] is applied. In MMSE-SIC reception, there are
the two key aspects in detection of any substream:
i) Interference nulling: interference from yet to be detected
substreams is projected out
ii) Interference canceling: interference from already detected substreams is subtracted out
where Aspect i and Aspect ii. are performed by MMSE filtering and SIC, respectively. Consider the received SINR
for PARC, in which each stream is transmitted out of a different antenna. The transmit symbol vector is x = s, where
s = [s1 , s2 , · · · , s Mt ]T is the Mt × 1 transmitted symbol vector and sm is the transmit symbol at transmit antenna m. The
received SINR of the mth stream, or sm , for MMSE-SIC reception becomes [16]
⎞−1
⎛ M
⎜⎜ t
Mt ⎟⎟⎟⎟
H ⎜
H
⎜
I⎟⎟ hk,m
γS,k,m = hk,m ⎜⎜⎝
hk,n hk,n +
(2)
P ⎠
n=m+1

where hk,m is the mth column vector of Hk . The achievable
rate is then given by
Ck =

Mt


c f (γS,k,m )

(3)

m=1

where c f (γ) = log(1 + γ). On the other hand, the achievable
reception can be derived by replacing
 Mt rate for HMMSE 
Mt
H
h
h
with
nm hk,n hk,n in the received SINR of
n=m+1 k,n k,n
(2), which is given by
⎞−1
⎛ M
⎟⎟⎟
⎜⎜ t
M
t
H ⎜
H
I⎟⎟⎠⎟ hk,m .
γM,k,m = hk,m ⎜⎜⎝⎜
hk,n hk,n +
(4)
P
n=1,nm
where the replacement has been taken because of non employing interference cancellation in MMSE reception. It is
to γM,k,m where the
obvious that γS,k,m is larger than
 or equal
H
h
h
equality holds if and only if m−1
k,n
n=1
k,n = 0 for each k and
m.
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Fig. 4
Fig. 3

Schematic of SPARC transmitter.

3.2 Selective PARC
The selective PARC (SPARC) has been proposed by Ericsson, which is conceptually based on PARC scheme in the
previous subsection [17]. Recent results have shown that
PARC can achieve the full open-loop capacity of the flat
fading MIMO channel [14] when the receiver uses MMSESIC decoding. However, there is a significant gap between
the open-loop capacity and the closed-loop capacity, when
signal-to-noise ratio (SNR) is low and/or the number of receive antennas is less than the number of transmit antennas.
An approach to achieve the near-capacity of the closed-loop
MIMO is SPARC, which compensates for the capacity loss
by the gain of antenna selection. In Fig. 3, the AMC controller handles the adaptive mode of antenna, modulation,
and coding. The appropriate power balancing from all transmit antennas is achieved in the antenna processor before
transmission. For example, if the number of the selected
antennas is limited to one, SPARC will operate as a single
stream transmit diversity (with partial feedback in Sect. 4.3).
4.

Schematic of PU2 RC transmitter.

Proposed STMA MIMO Scheme

In this section, we present the practical method of spacetime multiple access (STMA) MIMO, which utilizes transmit beamforming and user diversity using the matched filter† based unitary precoding for multiuser MIMO transmission. The proposed scheme has two main features: the
closed-loop MIMO and the downlink user diversity. The
transmit array gain is achieved by exploiting feedback, resulting in the link throughput/error rate improvement. Using
user diversity in space-time domain the system throughput
(represented by the sum rate of vector channels to all users)
is improved.
4.1 Per-User Unitary Beamforming and Rate Control
We propose the multiuser MIMO scheme using the unitary basis transformation, which is called the per-user unitary beamforming and rate control (PU2 RC). The transmit-

ter structure of the proposed system is shown in Fig. 4. Using (1), the received signal vector for the kth user is written
as
yk = Hk Ws + nk

(5)

where transmit signal is beamformed by employing the precodig matrix W = [w1 · · · w Mt ]. That is, x = Ws =
 Mt
m=1 wm sm where wm is the Mt × 1 beamforming vector and
s = [s1 , s2 , · · · , s Mt ]T is the Mt ×1 transmitted symbol vector.
Note that since PU2 RC is a STMA scheme, BS is allowed
to allocate each sm to users independently, i.e., each sm can
be associated to the diﬀerent user.
As one of the main features of the proposed scheme,
we use the matched filter based unitary precoding (MFUP),
i.e., the constraint WH W = I Mt is applied to (5). The constraint WH W = I Mt is achieved by the scheduler at BS,
which finds the set of beams that are orthogonal each other
amongst candidate beams. The scheduling operation as the
spatial domain user diversity significantly increases the sum
rate throughput obtained by the matched filter beamforming
since the operation searches the high received SINR users.
Although the matched filter beamforming increases the received signal power by matching the transmit beam to the
user channel, the interference between users still remains.
The spatial domain user diversity, hence, is applied to reduce interference between users by selecting the set of user
channels that are close to orthogonal each other. Furthermore, MFUP is a much simpler scheme to implement than
other transmit precoding schemes such as dirty-paper coding (DPC) [18], while the sum rate of both MFUP and DPC
scales as Mt log log K Mr when K is large [6], [19]. Note that
DPC is known to be optimal to achieve the capacity region
of the multiuser MIMO (downlink) channel [20].
The scheduling criterion for spatial domain user diversity in MFUP is derived from the following criterion:
Mt
{(v∗m , km∗ )}m=1
†
We use here the terminology of matched filter to notice that
the filtering weights delivered from users are applied to transmit
streams without any change, i.e., feedback information, which represents CSI, is used as it is at the transmitter, which is slightly
diﬀerent from the conventional use of the terminology.
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= arg

max
∗H ∗

Mt


vm :vm vn =0,mn

cf

m=1

P
λk (vm )
Mt m

(6)

where vm ∈ {vk,l }, vk,l is the lth eigenvector of (HkH Hk ) and
λk (vm ) is the eigenvalue corresponding to vm for the kth user.
Also, v∗m and km∗ are the selected eigenvector and user, respectively, for the mth stream. If vmH vn = 0, m  n is assumed for all m and n, the criterion of (6) finds the Mt largest
eigenvalues, of which the sum rate is larger than or equal to
that of the eigenvalues of any one user. However, since the
exact orthogonality between two random vectors in continuous domain is not possible, the probability of finding the
eigenvectors satisfying vkH1 ,m1 vk2 ,m2 = 0 for k1  k2 is zero.
In the sequel, we present a precoding based approach where the orthogonality between eigenvectors can be
achieved by considering the limited feedback of CSI. A precoder using limited feedback approaches developed in [13]
is presented, because the quantized encoding is essential for
limited feedback systems, e.g., frequency division duplex
(FDD) cellular systems. Limited feedback precoders use
predefined codebooks, W, which are finite sets of vectors
using, e.g., Grassmannian subspace packing [13]. These
codebooks are stored at both the BS and MSs. By modifying (6), the scheduling criterion for the limited feedback
system is presented as follows:
Mt
{(w∗m , km∗ )}m=1

= arg

max

Mt


∗
wm :w∗H
m wn =0,mn

c f (γkm (wm ))

(7)

l=1,lm

=

Theorem 1: Assume that the number of the transmitted
data streams L is equal to Mt . In MFUP, to obtain the received SINR with respect to wm at the kth MS, the other
beamforming vectors, i.e., {wm }ml , are not necessary to be
known at the kth MS.
Proof: The proof of Theorem 1 is found in (8) and (9).

The number of the transmitted data streams L is smaller
than or equal to Mt so as to increase the transmit power
for each stream. By replacing Mt with L in (9), the SINR
becomes a lower-bound of the received SINR. In a system
which allows for BS to transmit less than Mt streams a MS
has to be taken into account by being more conservative in
determining CQI per each stream. To reduce the loss in performance due to the conservativeness of the SINR prediction, an incremental H-ARQ mechanism can be employed
for the repetition-coded multiple packets.
Theorem 2: If the number of the transmitted data streams
L is less than or equal to Mt , γkm (wm ) is a lower-bound of
the actual received SINR with respect to wm and L. The
received SINR γkm (wm ) is described in (9) wherein {wm }ml
are not included.
Proof: The proof is straightforward from the fact that
bH Hk 2 − |bH Hk wl |2 + MPt b2 is an upper-bound of the total interference and noise power when L ≤ Mt . The actual
SINR is lower bounded by

m=1

where wm ∈ W, w∗m and km∗ are the selected beam and
user for the mth stream, respectively, and γk (wm ) is the received SINR corresponding to wm for the kth user. The function (7) corresponds to finding the optimal precoding matrix
from a limited feedback codebook W. As shown in (7), the
scheduling operation is performed at BS based on CQI, i.e.,
{γk (wm )}, and CDI, i.e., {wm }, which are fed back from MSs
for all k = 1, . . . , K and each MS calculates and feeds back
{γk (wm )} and {wm } for all wm ∈ W.
The kth MS calculates a received SINR γk (wm ) as a
function of wm , which is mathematically represented as
γk (wm ) =  Mt

MS is not available since there is no way for BS to deliver
them to MS before the scheduler determines them.

|bH Hk wm |2
|bH Hk wl |2 +

Mt
2
P b

|bH Hk wm |2
bH Hk 2 − |bH Hk wm |2 +

Mt
2
P b

(8)

|bH Hk wm |2
L
H
2
2
lm,l∈AL |b Hk wl | + P b

γk (wm , L) = 

bH Hk 2 − |bH Hk wm |2 +
= γk (wm )

where b is the receive beamforming vector. For example, b
can be obtained by MMSE criterion. It is noteworthy that
in (9) the other beamforming vectors {wm }ml existed in (8)
are removed, which are not necessary in MFUP because of
the unitary property of W = [w∗1 , w∗1 , . . . , w∗Mt ]. That is, if
W is not a unitary matrix, as seen in (8) MS must know the
other transmit beamforming vectors in order to obtain γk (wl )
before scheduling. However, prior knowledge of {wm }ml at

Mt
2
P b

(10)

where AL ⊂ {1, 2, . . . , Mt } includes the indices of the selected substreams including index m and has L elements. In
(10), we apply the fact that when L is less than or equal to
Mt , the total interference and noise power is

L
|bH Hk wl |2 + b2
P
lm,l∈A
L

≤
(9)

|bH Hk wm |2

≥

Mt


|bH Hk wl |2 +

l=1,lm

Mt
b2 .
P

(11)


The perfect determination of the optimal value of L that
maximizes the system throughput is not possible because
only the limited CSI is available at BS. Therefore, we may
use suboptimal approaches, one of which is to determine L
with respect to the lower bound of the average interference
SINR γ̄km (wm ) ≥ MLt γkm (wm ) (cf. Theorem 3), that is
(L, Al ) = arg

max

l=1,...,Mt ,Al ⊂{1,...,Mt },|Al |=l
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cf (

m∈Al

Mt
γk (wm ))
l m

(12)

where γkm and wm ) for m = 1, . . . , Mt are determined by
(7). The average interference SINR γ̄km (wm ) is defined in
Theorem 3 to represent the signal-to-average-interferenceplus-noise ratio.
Theorem 3: We define the average interference power
as the interference power averaged over all possible
set 
of interference signal powers such that Iavg =
E AL [ lm,l∈AL |bH Hk wl |2 ]. The average interference SINR
is then lower bounded by MLt γkm (wm ). Here, AL ⊂
{1, 2, . . . , Mt } is a possible set of the indices of L selected
substreams including index m.
Proof:
bounded by

k

=

|bH Hk wm |2

E AL [ lm,l∈AL |bH Hk wl |2 ] + PL b2

=

Mt
L

|bH Hk wm |2

Mt
H
2
L E AL [ lm,l∈AL |b Hk wl | ] +

|bH Hk wm |2
Mt
L bH Hk 2 − |bH Hk wm |2 +
Mt
γk (wm )
=
L
≥

k

Mt
2
P b

Mt
2
P b

(Mt − 1)

Mt − 1
L−1

=

Q

(13)

(bH Hk 2 − |bH Hk wm |2 )

L−1
(bH Hk 2 − |bH Hk wm |2 ).
Mt − 1

c f (γM,k,m )

(16)

m

C B,1 = max

lm,l∈AL

Mt − 1
L−1



for the (full) SIC reception and the linear reception, respectively, where γS,k,m and γM,k,m are defined in Sect. 3.1. In the
other scheduling method, all users compete independently
for each transmit antenna, where BS assigns the selected
user streams to each antenna. This scheduling method can
be applied to the proposed STMA MIMO scheme. The maximum rates using this scheduling method heavily depend on
a particular receiver structure, which are given by

where A ⊂ {1, 2, . . . , Mt } includes the indices of the selected
substreams and has L elements. In (13), we use
⎡
⎤
⎢⎢⎢ 
⎥⎥⎥
H
2
|b Hk wl | ⎥⎥⎦⎥
E AL ⎢⎢⎣⎢
(L − 1)

m

C A,2 = max

The average interference SINR is lower

γ̄k (wm )

=

is, only in PU2 RC the advantages of multiuser channels are
properly exploited.
The multiuser scheduling methodology is needed when
all users cannot be served at the same time due to the limited resources (e.g., the number of antennas, transmit power,
etc.). In [10], two channel-aware opportunistic scheduling
methods have been considered. One of them is a method
that all the transmit antennas are assigned to a single selected user, where the single user data streams are spatially
multiplexed at the transmitter. The maximum rate achieved
by the corresponding scheduler is expressed as [10], [21]

c f (γS,k,m )
(15)
C A,1 = max

(14)


In summary, PU2 RC incorporating MFUP at the transmitter oﬀers the following two advantages: user diversity
gain in the space domain and eﬀective measurement of received SINRs.
4.2 Opportunistic Scheduling for Advanced Receivers
In this subsection, we explore scheduling criteria for the
MIMO system with advanced receivers and propose an effective hybrid scheduling criteria for this case, where the advanced receiver utilizes the SIC reception. In the previous
sections, all MIMO solutions except PU2 RC are designed
based on a single-user environment and hence, they are not
able to fully utilize the capacity of multiuser channels. That

C B,2 =

Mt

m=1

Mt

m=1

min c f (γS,k,m ),

k∈Qm

max c f (γM,k,m ),
k

(17)

(18)

for the SIC reception, and the linear reception, respectively, where Q = [k1 , k2 , . . . , k Mt ] is a user index vector
selected from all K users (multiple selection is allowed),
Qm = [k1 , k2 , . . . , k Mt −m+1 ] is the deflated version of Q where
kn for n = Mt − m, . . . , Mt are deleted from Q. Note that
(17) follows from the fact that the interfering signal can be
decoded as long as the transmission rate is less than the capacity of the interfering link [22].
Theorem 4: The SIC reception subtracts out the interfering signals from all upper layer substreams regardless of its
ownership, i.e., although all upper layer substreams are not
indented for the corresponding user. The throughput performance of (17) is, then, equal to that of (15), i.e., C B,1 = C A,1 .
Hence, we can use the scheduler (15) instead of (17) to reduce the scheduling complexity.
Proof: To prove Theorem 4, we first consider one instance of Q, i.e., Q = [k1 , k2 , . . . , k Mt ]. Some simple algebra
yields the simplification of the throughput of Q in (17):
RB,1 (Q ) =

Mt

m=1

≤

Mt


min c f (γS,k,m )

k∈Qm

c f (γS,k1 ,m )

m=1

= RB,1 ([k1 , k1 , . . . , k1 ])

(19)

IEICE TRANS. COMMUN., VOL.E89–B, NO.8 AUGUST 2006

2166

= RA,1 (k1 )
(20)
 Mt
where RA,1 (k1 ) = m=1 c f (γS,k1 ,m (Qm )) is the term located
inside of the maximization function of (15). The equality
of (19) holds when k1 = k2 = . . . = k Mt . From (20), we
conclude that when SIC is applied, the achievable rate of
the multiuser selection is smaller than or equal to that of the
single user selection. Hence, C B,1 = C A,1 is valid, which
completes the proof.

To achieve the maximum throughput using advanced
receivers, hybrid schedulers can be considered. One of hybrid schedulers, suggested in [21], is given by
C H,1 = max{C A,1 , C B,2 },

(21)

in which both C A,1 and C B,2 are used to select the best user.
It is seen in [21] that given the threshold point determined by
the number of scheduled users, only one metric is suﬃcient
for the hybrid scheduling criterion (21) where the scheduling policy is to switch between C A,1 and C B,2 . In practice,
it is desirable to choose the switching point K sw satisfying
E{C A,1 } = E{C B,2 }, so that the rule of (21) becomes

C A,1 , K ≤ K sw
C H,2 =
.
(22)
C B,2 , K > K sw
The hybrid scheduling criterion in (22) exploits multiuser
diversity whereas the switching point is determined depending on the number of scheduled users. However, it is difficult to accurately know how many users are to be scheduled before the activation of the scheduling method, which
is required to estimate K sw . Hence, we propose the novel
scheduling criterion in which the reception mode is to be
constrained as single user SIC (SU-SIC), which is given by
(cf. Theorem 5)
C H,3 = max



{S j }

j

max
k

where
γsu,k,m (S j ) =

H
hk,s
j,m

|S j |


c f (γsu,k,m (S j ))

(23)

m=1

⎛M
⎜⎜⎜t
⎜⎜⎜ hk,s hH
j,n k,s j,n
⎝
n=1

−

m

n=1

H
hk,s j,n hk,s
j,n

⎞−1
Mt ⎟⎟⎟⎟
I⎟ hk,s j,m
+
P ⎠

(24)

is the SINR when SIC is performed inside the substreams
of S j . Also, S j = [s j,1 , s j,2 , . . . , s j,|S j | ] is the jth sub-group

of indices of 
transmit substreams with constraints j S j =
{1, 2, ..., Mt }, j S j = φ and s j,1 ≤ s j,2 ≤ . . . ≤ s j,|S j | , and
S j,m = [s j,1 , s j,2 , . . . , s j,|S j |−m+1 ] is the deflated version of S j .
It is defined that SU-SIC cancels out only self-interference,
not interferences intended to other users, while SIC used in
(17) attempts to remove all interferences associated with the
upper layer substreams.
Theorem 5: Consider the STMA based scheduling criterion for the partial SIC reception, where SIC is operated

within each sub-group of transmit substreams. By extension of (17), the scheduling criterion for partial SIC is given
by
CC =



max
Qj

j

subject to

|Q j |

m=1



min c f (γsu,k,s j,m (S j )),

k∈Q j,m

(25)

|Q j | = Mt .

j

Here, Q j = [q j,1 , q j,2 , . . . , q j,|Q j | ] is a subvector of Q (the ordering is preserved) and Q j,m = [q j,1 , q j,2 , . . . , q j,|Q j |−m+1 ] is
a deflated version of Q j where q j,m is the s j,m th element of
Q and S j = [s j,1 , s j,2 , . . . , s j,|Q j | ]. Then, the performance of
the scheduling criterion (25) is better than those of (17) and
(18), i.e., CC ≤ C B,1 and CC ≤ C B,2 , and moreover, is equivalent to that of (23), i.e., CC = C H,3 . Hence, the SU-SIC
reception is the optimal strategy for STMA based scheduling with SIC receivers in terms of the achievable sum rate.
Proof: The scheduling criteria of (17) and (18) are the
special cases of (25) when |Q1 | = |Q| and |Q j | = 1 for all
j = 1, . . . , Mt , respectively, which proves CC ≤ C B,1 and
CC ≤ C B,2 . Considering Q j = [k1 , k2 , . . . , k|Q j | ], by the similar procedure in (19) and (20) we have
CC (Q j ) =

|Q j |

m=1

≤

|S j |


min c f (γsu,k,s j,m (S j ))

k∈Q j,m

c f (γsu,k1 ,s j,m (S j ))

(26)

m=1

where S j and k1 are the modified
 versions of S j and k1 for
Q . Without loss of generality, j maxQ j CC (Q j ) in (25) becomes equivalent to C H,3 . As expected, in user selection
the degree of freedom of (23), which is equivalent to (25),
is larger than or equal to those of (17) and (18) so that we
conclude that (23) is the optimal strategy for this case. The
equality of the degree of freedom holds only when K = 1.
This completes the proof of Theorem 5.

So far, we considered three types of hybrid scheduling
schemes: (21), (22) and (23). From a network point of view,
the scheduling of (23), i.e., the SU-SIC based hybrid scheduler, is the most eﬀective scheme among them because of its
higher degree of freedom in scheduling as shown in Theorem 5. Using (23), in the subsequent section we will present
an eﬀective feedback protocol which allows transmitter to
adaptively choose between (15) and (18). Moreover, the
proposed protocol achieves the near maximum throughput
of (23) without increasing the CQI feedback overhead compared to that required for (15).
4.3 Feedback Signaling Protocols
We now design feedback signaling protocols in PU2 RC.
Two kinds of channel information, which are the beamforming vectors, CDI, and the corresponding channel qualities, CQI, are fed back to the transmitter. More specifically,
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the beamforming vectors and the channel qualities are the
quantized eigenvectors of each user, i.e., {vk,m }m , and the received SINRs, i.e., {ρk (vk,m )}m , respectively, as described in
Sect. 4.1. We consider quantized vectors from the set predefined by subspace packing [13], where the beam selection
approach, i.e, the function in (7), is preferable to the eigendecomposition approach, i.e., the function in (6), which is
practically diﬃcult to implement. In general, the set of
selected vectors corresponds to the maximum sum rate at
the receiver and the selected vectors are additionally constrained to be orthonormal to each other. In the following,
feedback protocols for MMSE receivers and SIC receivers
are subsequently discussed.
For MMSE receiver, we take into account two feedback protocols: full feedback and partial feedback. In full
feedback, the information of the kth user may be given by


(27)
F A,k = gk , {γM,k,m }m=1,...,Mt
where gk is the index of the matrix consisted of the selected
vectors, W = [w∗1 , w∗1 , . . . , w∗Mt ], and {γM,k,m }m are the received SINRs estimated at the receiver corresponding to gk .
All {γM,k,m }m denote the received SINRs using the MMSE
reception and hence, γM,k,m in (27) is calculated by (4) by
replacing Hk with Hk W as in (8).
When the number of the scheduling users are large,
feeding back of the full CQI is no more necessary because
of multiuser diversity. Note that as the number of users goes
to infinity, only maximum received SINR is required at the
transmitter (see Fig. 6). Considering such property, the partial feedback protocol is given by


(28)
F B,k = gk , mS , γM,k,mS
where γM,k,mS is the maximum received SINR and mS is
the index of the corresponding vector, instead of delivering
SINRs for all vectors in (27), in which
γM,k,mS = max γM,k,m .
m=1,...,Mt

(29)

In the SU-SIC based hybrid scheduling scheme, the
complexity of feedback signalling in terms of its amount
is significantly high because all self-interferences for each
user must be canceled whenever the combinations of transmit substreams (or transmit antennas) assigned to users vary.
Furthermore, the advantage of SIC over MMSE is suﬃciently exploited with only a few users, while its gain diminishes quickly as the number of users increases. Instead of
generating and delivering SNRs corresponding to all combinations of transmit substream assignment, we propose the
feedback protocol combination of two specific cases such as
(27) with SIC and (28) with MMSE, as follows:


(30)
FC,k = gk , mS , γM,k,mS , {γS,k,m }mmS
where SINRs are included for both MMSE and SIC receiver
structures (i.e., γM,k,mS and {γS,k,m }, respectively), while the
number of SINRs in (30) is constrained equal to that in (27).
Note that γS,k,m in (30) is calculated by (2) by replacing

Hk with Hk W. In (30), the scheduler allocates either all
transmit substreams to the best user with SIC or each transmit substream to diﬀerent users with MMSE, depending on
the CQIs delivered from users. That is, for a single user
the combinations of allocating more than one transmit substream (but less than all transmit substreams) are excluded,
which might have little impact on the sum rate as long as
the number of transmit antennas is not large (cf. numerical
results in the following section).
5.

Numerical Results

This section shows the results of computer simulations conducted for the performance evaluations with the schemes
described in the previous sections. In the following simulations, we assume that with Mt = Mr = 4, the linear
MMSE receiver is used for PU2 RC, PARC with MMSE linear receiver (PARC-MMSE) and SPARC with MMSE linear receiver (SPARC-MMSE) whereas the MMSE-SIC receiver is used for PARC-SIC. PU2 RC with no beamforming represents PU2 RC operated with a precoding codebook
W = {e1 , e2 , . . . , e Mt } where the mth orthonormal basis vector em is mapped to the mth transmit antenna, while PU2 RC
with beamforming means PU2 RC with a precoding codebook of which the size is more than Mt . Scheduling algorithms are applied to aforementioned MIMO schemes such
that PARC and PU2 RC use TDMA scheduling in (16) and
STMA scheduling in (18) except that PARC-MMSE (roundrobin) in Fig. 5 and PU2 RC with hybrid scheduling in Fig. 7
use round-robin scheduling and the scheduling algorithm in
(23), respectively.
Figure 5 shows that PU2 RC outperforms PARCMMSE, where the number of users is assumed to be K = 10.
Scheduling algorithms PU2 RC has about 2 dB gain of transmit beamforming with a 4-bit feedback precoding codebook
over PU2 RC with no beamforming, and achieves additional
user diversity gain over PARC-MMSE and PARC-MMSE
(round-robin) by about 3.5 dB and 7 dB, respectively. The
gain of PU2 RC over PARC-MMSE comes from spatial user
selection diversity.

Fig. 5

Throughput comparison of PU2 RC and PARC-MMSE.
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Fig. 6

Throughput comparison of PU2 RC, PARC-MMSE, and SPARC.

In Fig. 7, the throughput performance of PU2 RC with
SU-SIC based hybrid scheduling is examined. It shows that
when the number of users is less than 7, the performance
of PARC using SIC receivers is better than that of PU2 RC
using linear receiver, but rather surprisingly, vice versa for
higher number of users. As expected from this result, the hybrid scheduling scheme with SU-SIC between PU2 RC and
PARC performs better than both schemes, independent of
the number of users. The performances of all schemes are
upper bounded by PU2 RC with the block MMSE, not unitary, beamforming (BM-BF) in which the precoding matrix
is obtained by the block MMSE algorithm with full CSI at
the transmitter [23]. The block MMSE algorithm yields the
near-optimal precoding matrix, which is given by
⎞
⎛ M
⎜⎜⎜ t
ŵm
Mt ⎟⎟⎟⎟
H
⎜
, ŵm = ⎜⎜⎝
I⎟⎟ fm
fl fl +
(32)
wm =
||ŵm ||
P ⎠
l=1,lm
Mt
where fm = λkm∗ (v∗m )v∗m for m = 1, 2, . . . , Mt and {(v∗m , km∗ )}m=1
is the set of the selected users and eigenvectors that maximize the system throughput. In summary, the gain achieved
in the proposed scheme results from the multiuser and
beamforming gain in the space domain, where the spacetime user diversity and transmit unitary beamforming are
exploited.

6.

Fig. 7 Throughput performance of PU2 RC with hybrid scheduling over
other schemes.

In Figs. 6 and 7, we illustrate numerical results in terms
of the number of users at average SNR = 10 dB, and no
beamforming is used for PU2 RC. Figure 6 shows the performance of PU2 RC with partial feedback. PU2 RC outperforms PARC-MMSE when feedback information for all
transmit antennas are sent from MSs back to BS. With the
assumption of partial feedback, i.e., the SINR of the selected
substream (or antenna), PU2 RC still has significant gain
over SPARC. This is because with partial feedback SPARC
exploits only one transmit antenna, which results in a limited throughput gain over the number of users, while PU2 RC
can transmit as many data streams as the number of transmit antennas at its maximum. The crossing point in PU2 RC
and SPARC is due to the fact that the interference power is
not included in the first CQI value measured in SPARC. The
performances of PARC based schemes are upper bounded
by the upper bound performance of SPARC (UB SPARCMMSE), which, however, requires a significant number of
CQIs that is given by [17]
O(Mt ) =

Mt

m=1

m

Mt
m

.

(31)

Conclusions

We examined the throughput performance of TDMA-based
MIMO candidates in WCDMA/HSDPA. Then, a framework for STMA-based MIMO design, i.e., PU2 RC, using
multiuser diversity and multiplexing transmission was proposed. In particular, PU2 RC is designed to obtain the multiuser scheduling gain in proportion to the number of users
and to achieve the beamforming gain by using the unitary
basis transformation at the transmitter. Furthermore, user
scheduling is combined together with the modified SIC reception, represented as SU-SIC. The proposed hybrid scheduler for SU-SIC allocates all transmit antennas to the best
user with SIC or each transmit antenna to diﬀerent users
with MMSE, depending on the CQIs delivered from each
MS. In this case, the sum rate performance is observed to approach the optimal throughput, assuming that the optimality
is defined such that for each user the combinations of allocating two or more multiple transmit antennas are flexibly
allowed.
Acknowledgment
This paper has been supported in part by National Research
Laboratory (NRL) program and in part by the Samsung Advanced Institute of Technology (SAIT).
References
[1] S.J. Kim, H.J. Kim, C.S. Park, and K.B. Lee, “Space-time technique
for wireless multiuser MIMO systems with SIC receivers,” Proc.
IEEE PIMRC, pp.2013–2017, Barcelona, Spain, Sept. 2004.

KIM et al.: ON THE PERFORMANCE OF MULTIUSER MIMO SYSTEMS IN WCDMA/HSDPA: BEAMFORMING, FEEDBACK AND USER DIVERSITY

2169

[2] H. Holma and A. Toskala, eds., WCDMA for UMTS: Radio Access
for Third Generation Mobile Communications, 3rd ed., John Wiley
& Sons, 2004.
[3] R. Love, A. Ghosh, R. Nikides, L. Jalloul, M. Cudak, and B. Classon, “High speed downlink packet access performance,” Proc. IEEE
VTC, pp.2234–2238, 2001.
[4] I.E. Telatar, “Capacity of multi-antenna Gaussian channels,” Europ.
Trans. Telecomm., vol.10, no.6, pp.585–596, Nov. 1999.
[5] S.M. Alamouti, “A simple transmit diversity technique for wireless communications,” IEEE J. Sel. Areas Commun., vol.16, no.8,
pp.1451–1458, Oct. 1998.
[6] M. Sharif and B. Hassibi, “A comparison of time-sharing, DPC, and
beamforming for MIMO broadcast channels with many users,” submitted to IEEE Trans. Commun., 2004.
[7] E.N. Onggosanusi, A.G. Dabak, and T.A. Schmidl, “High rate
space-time block coded scheme: Performance and improvement in
correlated fading channels,” Proc. IEEE WCNC, pp.194–199, 2002.
[8] G.J. Foschini, “Layered space-time architecture for wireless communication in a fading environment when using multi-element antennas,” Bell Labs Tech. J., vol.1, no.2, pp.41–59, 1996.
[9] 3GPP TR 25.876, “Multiple-input multiple-output in UTRA,” 3GPP
TSGR1(04)1057, Aug. 2004.
[10] R.W. Heath, Jr., M. Airy, and A.J. Paulraj, “Multiuser diversity for
MIMO wireless systems with linear receivers,” Proc. Asilomar Conf.
Signals, Systems, and Computers, pp.1194–1199, Pacific Grove,
CA, Nov. 2001.
[11] R. Knopp and P.A. Humblet, “Information capacity and power control in single-cell multiuser communications,” Proc. IEEE ICC,
pp.331–335, June 1995.
[12] S.T. Chung, A. Lozano, and H.C. Huang, “Approaching eigenmode
BLAST channel capacity using V-BLAST with rate and power feedback,” Proc. IEEE VTC, pp.915–919, Atlantic City, NJ, USA, Oct.
2001.
[13] D.J. Love, R.W. Heath, Jr., and T. Strohmer, “Grassmannian beamforming for multiple-input multiple-output wireless systems,” IEEE
Trans. Inf. Theory, vol.49, no.10, pp.2735–2747, Oct. 2003.
[14] Lucent Technologies, “Increasing MIMO throughput with PARC,”
3GPP R1(01)0879, Aug. 2001.
[15] G. Foschini, G. Golden, R. Valenzuela, and P. Wolniansky, “Simplified processing for high spectal eﬃciency wireless communication employing multi-element arrays,” IEEE J. Sel. Areas Commun.,
vol.17, pp.1841–1852, Nov. 1999.
[16] D. Tse and P. Viswanath, Fundamentals of Wireless Communication, Cambridge University Press, 2005, ISBN 0521845270.
[17] Ericsson, “Selective per antenna rate control,” 3GPP R1(04)0307,
Feb. 2004.
[18] M. Costa, “Writing on dirty paper,” IEEE Trans. Inf. Theory, vol.29,
no.3, pp.439–441, May 1983.
[19] Samsung, “Per-user unitary rate control (PU2 RC),” 3GPP R1(03)
0586, May 2003.
[20] H. Weingarten, Y. Steinberg, and S. Shamai, “The capacity region
of the Gaussian MIMO broadcast channel,” Proc. Conference on Information Sciences and Systems, March 2004.
[21] J.S. Kim, H.J. Kim, C.S. Park, and K.B. Lee, “Space-time technique
for wireless multiuser MIMO systems with SIC receivers,” Proc.
IEEE PIMRC, pp.2013–2017, Barcelona, Spain, Sept. 2004.
[22] S. Toumpis and A.J. Goldsmith, “Capacity regions for wireless
ad hoc networks,” IEEE Trans. Wireless Commun., vol.2, no.4,
pp.736–748, July 2003.
[23] J.S. Kim, H. Kim, C.S. Park, and K.B. Lee, “Adaptive precoding for
wireless MIMO broadcast channels with limited feedback,” IEICE
Trans. Commun., vol.E88-B, no.11, pp.4237–4245, Nov. 2005.

James (Sungjin) Kim
was born in Korea
in 1969. He obtained his Bachelor and Master of Engineering degrees in Electronics and
Communications Engineering from the College
of Engineering, Hanyang University, Korea in
1994 and in 2000, respectively. He is now pursuing his Doctor of Philosophy in Electrical and
Computer Engineering from the College of Engineering, Seoul National University. In February 1994 he joined Samsung Advanced Institute
of Technology, and he is now a senior member
of technical research staﬀ. Since 1999, he has been the Editor-in-Chief of
3GPP (WCDMA standard) Transmit Diversity TR. His research interests
include the areas of transmit diversity (TxD), multiple-input and multipleoutput (MIMO), wireless scheduling and adaptive signal processing for
3G+/4G wireless communications.
Hojin Kim
was born in Korea in 1973. He
obtained his Bachelor of Science in Electrical
and Computer Engineering from Purdue University, Indiana in 1997. He received his Master of
Science from the Electrical and Computer Engineering at the University of Florida, Florida in
2000. In 2000, he was with LG electronics institute of technology as a research engineer. Since
2001, he has been a research engineer at Samsung advanced institute of technology. His research interests include MIMO, OFDM, Ad-hoc
network, and 3GPP standardization.
Chang Soon Park
received the B.A.Sc.
and M.Eng. degrees from the School of Electrical Engineering and Computer Science, Seoul
National University, Seoul, Korea, in 2000 and
2002, respectively. He is now pursuing his Doctor of Philosophy in the School of Electrical
Engineering and Computer Science, Seoul National University.

Kwang Bok Lee
received the B.A.Sc. and
M.Eng. degrees from the University of Toronto,
Toronto, Ont., Canada, in 1982 and 1986, respectively, and the Ph.D. degree from McMaster University, Canada in 1990. He was with
Motorola Canada from 1982 to 1985, and Motorola USA from 1990 to 1996 as a Senior Staﬀ
Engineer. At Motorola, he was involved in the
research and development of wireless communication systems. He was with Bell-Northern Research, Canada, from 1989 to 1990. In March
1996, he joined the School of Electrical Engineering, Seoul National University, Seoul, Korea. Currently he is an Associate Professor in the School
of Electrical Engineering. He was a Vice Chair of the School of Electrical
Engineering from 2000 to 2002. He has been serving as a Consultant to a
number of wireless industries. His research interests include mobile communications, communication technique covering physical layer and upper
layer. He holds ten U.S. patents and seven Korean patents, and has a number of patents pending. Dr. Lee was an Editor of the IEEE JOURNAL ON
SELECTED AREAS IN COMMUNICATIONS, Wireless Series in 2001, and
has been an Editor of the IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS since 2002. And he was a co-chair of the ICC2005 Wireless Communication Symposium. He received the Best Paper Award from
CDMA International Conference 2000 (CIC 2000), and the Best Teacher
Award in 2003 from College of engineering, Seoul National University.

