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ABSTRACT In this paper, we propose a transmission scheduling sche-
me that exploits the multiuser diversity in a multiuser MIMO
An opportunistic transmission scheduling scheme is pro- system. The base station uses a transmission randomizing
posed to make better use of the multiuser diversity gain in @ matrix to induce rapid variation. The randomization is nec-
MIMO system. The performance of a MIMO link is quanti-  essary when the channel varies slowly or has a dominant
fied by its information-theoretic capacity. Even though the line-of-sight (LOS) component. With a common pilot, each
base station has no knowledge of the transmission channelyopile user estimates the mutual information between the
the proposed algorithm generates a transmission randomMyansmitter and receiver. The estimated information is fed
izing matrix according to the distribution of the channel, p5ck as a measure of channel quality. The base station
so that it is likely that some user is near the *water-filling” - then “fairly” schedules transmission to the user with the best
configuration. The mobile users measure and feedback th%hannel, assuming that it has the ability to adapt the coding

channel quality. Based on this information, the base sta-schemes for various data rates as a function of the instanta-
tion schedules transmission to the user whose instantaneougeoys channel capacity.

channel capacity is the largest. Simulation results show that,  This paper is organized as follows. In Section 2, a sin-
over slow varying channels, or over Rician channels with a gle wireless MIMO link is discussed with transmit power
large K factor, opportunistic transmission scheduling can gjigcation. In Section 3, we exploit the multiuser diversity
improve system performance in terms of channel capacity. ;, MiMO systems, and apply the proportional scheduling
scheme to ensure fairness across users. In Section 4, we
propose our opportunistic transmission scheduling scheme
for a multiuser MIMO system. Section 5 gives the simula-
tion results, and Section 6 draws the conclusion.

1. INTRODUCTION

Wireless multiple-input multiple-output (MIMO) technol-
ogy can significantly increase the data rate by exploiting the
extra degrees of freedom afforded by the multiple antennas 2. MIMO SYSTEMS WITH TRANSMIT POWER
at both transmitter and receiver [1, 2]. If the transmitter has ALLOCATION
perfect channel knowledge, the “water-filling” power allo-
cation maximizes the channel capacity [3]. Otherwise, the
equal power allocation strategy provides the largest chan-
nel capacity [2]. However, the large increase in capacity is
often compromised by adverse channel condition [4].

In a multiuser system, different user experiences differ-
ent channel which results in “multiuser diversity”. A strat- y=HWx+n Q)

egy that exploits the multiuser diversity is to schedule at where H is a M, x M, complex channel matrix, and

any time only the user with the best channel to communi- . o : : . . _
. . . . is the additive white Gaussian noise vector with covariance
cate with the base station. In a practical wireless system

. : . on - "NoIns.. W is the power allocation matrix. The transmitter
the multiuser diversity may be limited by slow variation of ;_° M, P

the channel or a largk factor in the Rician channel model. Is constrained in its total power 1 as
Viswanathet al. proposed a scheme to randomize the trans- tr{wWx, Wil <p 2

mit powers and phases resulting in faster channel fading'wherezx is the covariance matrix of, andt denotes con-

This is termedbpportunistic beamforminp]. The trans- jugate transpose. Assuming thais i.i.d. circularly sym-

mission is _schedul_ed to _the user who is cl_ose to be_:mg in themetric complex Gaussian, ai, = (P/M;)L;, we have
beamforming configuration. This scheduling algorithm also

maintains fairness across users. [[W]||lr <M 3

Consider a single-user, point-to-point wireless link with
transmit andM,. receive antennas as shown in Fig. 1. As-
sume that the channel is quasi-statistic and the channel re-
sponse is flat over frequency. Therefore, the received signal
vectory can be related to the transmitted signal vest@is
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length of a scheduling time slot depends on how fast the
T—@L channels vary.

My, In practice, the statistics of the channel variation are
Info | |S-T YL ST Info not symmetrical among users. Also, there are latency con-
Sourcel  |Coding "2 . |Decoding| |Sink . . . . . .
: straints. A proportional fair scheduling algorithm is pro-
Yur posed in [5], which keeps track of the average throughput
H i Ty (t) of each user. In time slat the scheduling algorithm

simply transmits to use™* with the Iargest(;:—((g. The av-
erage throughputsy (¢) can be updated with a past window

Fig. 1. Block diagram of a single wireless MIMO link.
of lengtht. as

where|| o || denotes the Frobenius norm. The mutual in- 7, (s 4 1) — { (1- %f)Tk(t) + 1 Ri(t), k= k: @)
formationZ (x;y) is given by [2] (1= )Tu(t), k #k

where we simply use the channel capacity(t) to substi-

I(x;y) = logy det(In; + HWWH")  (4)

No M, tute the data rat&, (¢) in our algorithm. The parameter
is determined by the latency constraint of the application.
The optimal solution that gives maximum mutual informa-  Therefore, users compete for resources based on their
tion is essentially the “water-filling” solutions for parallel  jnstantaneous channel capacities normalized by their respec-
Gaussian channels [3], with tive average thoughputs. The algorithm schedules a user
W = V12 (5) when its instantaneous channel capacity is high relative to

its average channel condition over the time sdale As
such, the benefit of multiuser diversity can be exploited.
The fair scheduling strategy maximizes the total system ca-
» pacity as well as the throughputs of individual users.

whereV is taken from the singular value decomposition of
the channel matrix aBl = UAVT. I' is a diagonal matrix
whose elements are calculated through the “water-filling
algorithm

= (=" (6) 4. OPPORTUNISTIC TRANSMISSION

where), are the eigenvalues #H', . is chosen to meet SCHEDULING

the power constraint, an@d)* denotesnax{0, a}. _In the case of slow channel variation where each user chan-
In the absence of channel knowledge at the transmit-o| |, remains constant for a long time, or the channels
ter, uniform transmit power allocation across antennas max-paye dominant LOS components, little multiuser diversity
imizes the ergodic channel capactty= E{Z(x;y)}. The  gain could be exploited. The idea here is to expedite the
question now is: “In the absence of channel knowledge at .hannel fluctuation through a transmission randomizing ma-
the transmitter, can we achieve larger downlink channel ca-iix W as described in Section 2. Therefore, the instanta-
pacity by exploiting the multiuser diversity in a multiuser o5us channel capacity of each user varies more, thereby
MIMO system?” providing an opportunity to exploit multiuser diversity.
To make the “composite channeFfW, be in the “water-
3. MULTIUSER DIVERSITY AND filling” configuration with high probability, the random ma-
PROPORTIONAL FAIR SCHEDULING trix W needs to be drawn from a specific distribution, which
is calculated from the distribution df and the transmit
In a wireless multiuser communication system, a base stapower constraint. Assume thek € C*-*M: has i.i.d. zero
tion communicates with multiple mobile users. Multiuser mean Circu|ar|y Symmetric Comp|ex Gaussian entries. From
diversity offers an opportunity that at most of the time, amongs), we generate independently random maWiand ran-
independently varying channels, the largest instantaneousjom diagonal matriX’. I' can be generated according to
channel capacity exceeds the ergodic channel capacity. Byg), wherey is determined by the power constraint, and

communicating with users with largest instantaneous chan-{)\k} are the eigenvalues ®TH' with joint probability den-
nel capacity at all times, the overall spectral efficiency of sjty (unordered) given by [2]

the system can be improved. However, each mobile user _
will need to track its own instantaneous channel capacity, e =it n—m 2

, , ' Myoo s dm) = ——— | | Al Ai — A 8
through, e.g. a common downlink pilot, and feedback the A ) m!Kpn H ! H( )" ®
capacity value to the base station. The base station can serve
as a scheduling agent. We consider a time-slotted system irwheren = max{M;, M,.}, m = min{M,;, M,.}, andK,,,,
which time is the resource to be allocated to users. Theis a normalizing factor. The transmission randomizing ma-

i<j



trix W is applied so that for any particular channel realiza-
tion, there is always a good chance that the mutual infor-
mation approaches its maximum value. Because the powe
allocation parametery, } for “water-filling” configuration a2
are not linearly related to the eigenvalues, we may need tc
apply random antenna subset selection in a low SNR re-Z ,|
gion [6]. The antenna subset selection in our implementa-
tion has a random fashion, in that the number and allocatior
of antennas in the subset are chosen randomly.
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the quality of its “composite channel”. The channel quality *°f Uniform power allocation, equal-time scheduling

is characterized by the estimated mutual information. As
in Section 2, we assume that the transmitted pilot signal 34 8
is composed of, statistically independent equal power
components, each is circularly symmetric Gaussian. The ., ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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mutual information can be estimated by [7] Number of Users
Flry) = log detR, det R, ©) Fig. 2. Downlink channel capacities with transmission
’ det R, scheduling in a fixed environment. Average receive SNR
=0dB.
with
. 1 & i oA 1 & + First consider the case in which all users experience
R, = N inxw Ry = N Zy’iyi7 slow channel variation. The entries of thex 4 channel
i=1 i=1 matrices are i.i.d. zero mean unit variance circularly sym-
N metric complex Gaussian. They remain constant during the
R, = 1 ZuiuT- entire transmission. Fig. 2 and Fig. 3 show the downlink
N &~ ! channel capacity versus the number of mobile users in the

. ) ) o system, with average receive SNRIB and10 dB, respec-
whereu is the M, + M, dimensional vectojx” y*]", and  tively. The transmission scheduling has latency constraint,
Nis the length of the pilot signal. N ~that the average throughput tracking window has a length

A short pilot signal is sent when the randomizing matrix ¢ t. = 100 Ty, wherel/Ty, is the scheduling rate. In the
W changes. The variation rate 8 is a design param-  gelective transmission scheduling scheme, the base station
eter. It may be desirable that this rate be as fast as possitransmits with uniform power allocation. In the opportunis-
ble to provide a full channel fluctuation within the latency tjc transmission scheduling scheme, the random mathkices
constraint. On the other hand, the variation should be slow gndr of power allocation matridW are generated by first
enough so that the channel can be reliably estimated by thejenerating a randof. Then in both cases, the data trans-
users. Only a small amount of feedback is needed for the themjssion is scheduled to the user that has a link with largest
mobile users to inform the base station about their channelcpannel capacity.
quality. The base station then “fairly” schedules transmis- The downlink channel capacities obtained by the above

sion to those users that have peak capacity values, hopefullichemes are compared with those of two scenarios of equal-
the ones closest to being in the “water-filling” configuration. ime transmission scheduling: 1). The transmitter has uni-

In this paper, the effect of training on the capacity is not ad- torm nower allocation, 2). The transmitter has full knowl-
dre_sseq. We will mc_orporate training overhead and channeledge of the channel and applies “water-filling” power allo-
estimation error [8] in further research. cation. No multiuser diversity gain could be exploited in
these two situations. Therefore, the MIMO system capacity
5. SIMULATIONS does not change as the number of users increases. The per-
formance of the scheduling schemes that exploit multiuser
A multiuser wireless cell is simulated. The base station and diversity, on the other hand, improves as the number of users
each mobile user have four-element antenna array. Assuméncreases. As the user number becomes large, e.g. more than
that the channels between the base station and the users haud at low SNR, more than 4 at high SNR in the simulations,
same statistics. The base station schedules different timehe downlink channel capacity exceeds that of the “water-
slots to individual users, so that at any time it communicatesfilling” scenario. This is due to a large selection pool of
with only one user. users who may be near their perspective “water-filling” con-
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Downlink channel capacity with transmission

scheduling in a fixed environment. Average receive SNR scheduling in a fast varying environment. Average receive
=10dB. SNR =0dB.

figurations. The selective transmission scheduling slightly can enhance multiuser diversity gain in slowly varying chan-

outperforms opportunistic transmission scheduling. This is nels or Rician channels. Issues for further exploration in-

because randomization may deteriorate the nice decorrelaclude applying this scheme to realistic correlated channels,

tion property of Rayleigh channel matrix that we simulated determining the pilot length for reliable channel estimation,

at first place. and incorporating the system overhead and the estimation
Fig. 4 illustrates the performance of a multiuser MIMO error in capacity calculation.

system where the user channels experience fast variation.
Each user in the cell has an average receive SNR 0 dB.
The average throughput tracking window has a length of
t. = 100 Tp, wherel/Ty is the W variation rate and the
scheduling rate. For Rayleigh channels, ke= 0, the per-
formance of applying randomizing matr® is no better
than that of uniform transmit power with selective transmis-
sion scheduling. This is because of the same reason tha
the modeled Rayleigh channels are near-ideal channels that
demonstrate little correlation. We expect that the perfor- (3]
mance of the transmission scheduling schemes with or with-
out pre-randomization have similar performance in practical [4]
fading channels. For Rician channels with a lafgdactor,
e.g. K = 30 in the figure, the performance improvement
of the proposed opportunistic transmission scheduling over
selective transmission scheduling is seen.

(1]

6. CONCLUSION [6]
This paper introduced an opportunistic transmission schedul-
ing scheme to multiuser MIMO systems. By exploiting
the multiuser diversity, the fair scheduling scheme increasesm
both system throughput and individual user throughput. This
technique can be implemented with moderate complexity,
and only small amount of feedback is required from the
users to the base station. The transmission randomization

] I. E. Telatar, “Capacity of multi-antenna Gaussian channels,

] B. Hassibi and B. M. Hochwald,
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