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Abstract—Multiuser diversityis a form of diversity inherent in  varying fading channels, which is assumed to be tracked at the
a wireless network, provided by independent time-varying chan- receiver and information fed back to the transmitters. To maxi-
nels across the different users. The diversity benefit is exploited mize the total information-theoretic capacity, they showed that
by tracking the channel fluctuations of the users and scheduling . . ’ .
transmissions to users when their instantaneous channel quality ("€ optimal strategy is to schedule at any one time only the
is near the peak. The diversity gain increases with the dynamic user with the best channel to transmit to the base station. Diver-
range of the fluctuations and is thus limited in environments with  sity gain arises from the fact that in a system with many users,
little scattering and/or slow fading. In such environments, we pro- \whose channels vaipdependentlythere is likely to be a user

pose the use of multiple transmit antennas to induce large and . . .
fast channel fluctuations so that multiuser diversity can still be whose channel is near its peak at any one time. Overall system

exploited. The scheme can be interpreted aspportunistic beam- throughput is maximized by allocating at any time the common
forming and we show thattrue beamforming gains can be achieved channel resource to the user that can best exploit it. It can also
when there are sufficient users, even though very limited channel pe thought of as a form dafelection diversitySimilar results
feedback is needed. Furthermore, in a cellular system, the scheme 5.6 ohtained for the downlink from the base station to the mo-
plays an additional role of opportunistic nulling of the interference bil heduli lgorith loiti h i
created on users of adjacent cells. We discuss the design implica-°!'€ US€rS [17]-'A scheduling algorithm exploiting the multiuser
tions of implementing this scheme in a complete wireless system. diversity benefits while maintaining fairness across users is im-
, . R plemented in the downlink of 1S-856 [15] (also known as HDR:
Index Terms—Multiple antennas, multiuser diversity, sched- . . .
uling, smart antennas, space-time codes, wireless system design. High Data Rate) system, where each user measures its downlink
signal-to-noise ratio (SNR) based on a common pilot and feeds
back the information to the base station [18], [19].
|. INTRODUCTION Traditionally, channel fading is viewed as a sourceiafeli-
FUNDAMENTAL characteristic of the wireless channeRbility that has to benitigated In the context of multiuser di-
is the fading of the channel strength due to constructiwersity, however, fading can instead be considered as a source
and destructive interference between multipaths. An importasftrandomizatiorthat can beexploited This is done by sched-
means to cope with channel fading is the uselivrsity Di- uling transmissions to users only when their channels are near
versity can be obtained over time (interleaving of coded bitdjeir peaks. The larger the dynamic range of the channel fluctu-
frequency (combining of multipaths in spread-spectrum or frations, the higher the peaks and the larger the multiuser diver-
quency-hopping systems) and space (multiple antennas). Bitg gain. In practice, such gains are limited in two ways. First,
basic idea is to improve performance by creating several indbere may be a line-of-sight path and little scattering in the envi-
pendent signal paths between the transmitter and the receiveanment, and hence the dynamic range of channel fluctuations
These diversity modes pertain to a point-to-point link. Rés small. Second, the channel may fade very slowly compared
cent results point to another form of diversity, inherent in & the delay constraint of the application so that transmissions
wireless network with multiple users. Thisultiuser diversity cannot wait until the channel reaches its peak. Effectively, the
is best motivated by an information-theoretic result of Knopgynamic range of channel fluctuations is small within the time
and Humblet [9]. They focused on the uplink in the single celécale of interest. Both are important sources of hindrance to im-
with multiple users communicating to the base station via timplementing multiuser diversity in a real system.
Inthis paper, we propose a scheme thatinduces random fading
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form a basis for scheduling. The channel tracking is done \iaat in the cellular context, the proposed technique plays an im-
a single pilot signal which is repeated at the different transnpbrtant role ofopportunistic nullingof interference caused in
antennas, just like the data. adjacent cells. Section VII discusses various system and imple-

If the magnitudes and phases of the channel gains from allroéntation issues. We distill some of the key ideas of this paper
the transmit antennas to the user can be tracked and fed bdilo Section VIl which also contains our conclusions.
thentransmit beamformingan be performed by matching the
powers and phases of the signals sent on the antennas to the ||. MuULTIUSER DIVERISTY AND FAIR SCHEDULING
channel gains in order to maximize the received SNR at the mo- . . .
bile. With a much more limited feedback of only the overaff“ Multiuser Diversity
channel SNR, true beamforming cannot be performed. How-We begin with a simple model of the downlink of a wire-
ever, in a large system with many independently fading uselsss communication system. There is a base station (transmitter)
there is likely to be a user whose instantaneous channel gainswité a single antenna communicating wikhusers (receivers).
close to matching the current powers and phases allocated atTthe baseband time-slotted block-fading channel model is given
transmit antennas. Viewed in this light, our scheme can be integs
preted as performingpportunistic beamforminghe transmit
powers and phases are randomized and transmission is sched-
uled to the user which is close to being in the beamforming con- y(t) = ha(t)z(t) + 21 (1), k=12...K (1)
figuration.

Recently, there has been significant amount of work in thehere=(t) € C7 is the vector ofT” transmitted symbols in
use of multiple transmit antennas in wireless communicatiofife slot¢, yk(t) € CT is the vector ofl’ received symbols
(also called space-time codes, e.g., [5], [11], [1], [13]). Perfosf userk at time slott, ki (t) € C is the fading channel gain
mance gain over a single-antenna system is achievestiiayt  from the transmitter to receiver in time slott, and {2 (¢)}+
coding and signal processing at the transmitter and the receiygfan independent and identically distributed (i.i.d.) sequence
In contrast, our scheme uses the multiple transmit antennagfnzero mean circular-symmetric Gaussian random vectors
a dumbway: no additional processing at the transmitter nQTa/(o, +27;.). This is a block-fading model where the channel
the receiver is needed beyond that in a single-antenna syst@iMeonstant over time slots of lengfA samples. This model
There is no need to change the modulation format nor have atlasupposes that the bandwidth is narrow enough so that
ditional pilots to measure the channels from individual transmjte channel response is flat across the whole band. We are

antennas. In fact, the receiver is oblivious to the existence égsuming that the transmit power level is fixedPat all times
multiple transmit antennas. This makes it particularly easy f% E[||z(t)||?] = PT. This is a reasonable power constraint
upgrade existing systems to implement such a scheme, si he base station

only additional antennas have to be placed at the base station we assume that both the transmitter and the receivers can

but the mobile handsets need not be changed at all. The BBT}fectIy track the fading process@, (£)}, then we can view

portunistic beamforming scheme does need tight feedbad(tlplis downlink channel as a set of parallel Gaussian channels, one

overall channel SNR measurements and rate adaptation, butTwe . . . ;

. PR ! or each fading state. The sum capacity of this channel, defined
note that such mechanisms already exist in third-generation s S-the maximumm achievable sum of lona-term average data rates
tems and beyond. y 9 9

. . . transmitted to all the users, can be achieved by a simple time
Earlier works have proposed the use of intentional frequengx/ision multiple access (TDMA) strategy: at each fading state
offset at the transmit antennas to create a fast fading enVir\(K;r]a_nsmit 1o the user with the stronaest ch;';mnel [17] '
ment [6]-[8]. The goal is to increase the time diversity of slo 9 '
fading point-to-point links, but in that context this scheme has . )
beengsr?own to tF))e inferior compared to other space—time cod ond per hertz (b/s/Hz)) of the downlink channel as afunc_t|0n
techniques such as orthogonal design [1], [13]. Our work, he number pf users, for_the case when users undergo inde-
contrast, shifts from the point-to-point view to the multiuseP€ndent Rayleigh fading with average received SNR dB.
view, and we show that when such channel randomization\€ Observe that the sum capacity increases with the number
used in conjunction with multiuser diversity scheduling, th@f US€rs in the system. In contrast, the sum capacity of a non-
achieved performance can significantly surpass space-tifged downlink channel, where each user hdxed additive
codes. white Gaussian noise (AWGN) channel with SNRO dB, is

The outline of the paper is as follows. In Section II, we reconstantirrespective of the number of users. Somewhat surpris-
view the multiuser diversity concept and discuss its implemetgly, with moderate number of users, the sum capacity of the
tation in the downlink of the 1S-856 system. We introduce thi@ding channelis greater than that of a nonfaded channel. This is
idea of opportunistic beamforming in Section Ill, and studfhe multiuser diversityeffect: in a system with many users with
its performance in slow and fast fading environments. In Seidependently varying channels, itis likely that at any time there
tion IV, we compare the opportunistic beamforming techniquié a user with channel much stronger than the average SNR.
with other proposed ways to use multiple transmit antennas. By transmitting to users with strong channels at all times, the
information-theoretic comparison is undertaken in Appendix Bverall spectral efficiency of the system can be made high, sig-
In Sections V and VI, we explore the role of opportunistic beanmificantly higher than that of a nonfaded channel with the same
forming in wide-band and cellular environments. It turns owverage SNR.

In Fig. 1, we plot the sum capacity (in total number of bits per
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Fig. 1. Sum capacity of two channels, Rayleigh fading and AWGN, witkrig. 2. For symmetric channel statistics of users, the scheduling algorithm
average SNR= 0 dB. reduces to serving each user with the largest requested rate.

The system requirements to extract such multiuser divers

i[ga past window of length,.. In time slott, the scheduling al-
benefits are as follows: 9

rithm simply transmits to the usét with the largest

 each receiver tracking its own channel SNR, through, say, By (t)
a common downlink pilot, and feeding back the instanta- T(t)
neous channel quality to the base station; among all active users in the system. The average throughputs

« the ability of the base station to schedule transmissiojlrf(t) can be updated using an exponentially weighted low-pass

among the users as well as to adapt the data rate as a f

tion of the instantaneous channel quality. (1 _ %) Ti(t) + % Ri(t), b=
These features are already present in the designs of many 3dr(t+1) = L .
systems, such as 1S-856 [2]. (1 - g) Ii (1), k # k*.
. , ) One can get an intuitive feel of how this algorithm works by
B. Proportional Fair Scheduling inspecting Figs. 2 and 3. We plot the sample paths of the re-

To implement the idea of multiuser diversity in a real systenguested data rates of two users as a function of time slots (each
one is immediately confronted with two issues: fairness atitne slotis 1.67 msin IS-856). In Fig. 2, the two users have iden-
delay. In the ideal situation when users’ fadstgtisticsare the tical fading statistics If the scheduling time scal&. is much
same, the strategy above maximizes not only the total capacityarfyer than the correlation time scale of the fading dynamics,
the system but also the throughput of individual users. In realithen by symmetry the throughput of each u#gft) converges
the statistics are not symmetrical; there are users who are clasethe same quantity. The scheduling algorithm reduces to al-
to the base station with a better average SNR; there are users whgs picking the user with the highest requested rate. Thus, each
are stationary and some that are moving; there are users whisbr is scheduled when its channel is good and at the same time
are in arich scattering environment and some with no scatteréhre scheduling algorithm is perfectly fair on the long term. In
around them. Moreover, the strategy is only concerned wilig. 3, due to perhaps different distances from the base station,
maximizing long-term average throughputs; in practice, theome user's channel is much stronger than the other user’'s on
are latency requirements, in which case the average throughghtsaverage, although both channels fluctuate due to multipath
over the delay time scale is the performance metric of interefgtding. Always picking the user with the highest requested rate
The challenge is to address these issues while at the same tingans giving all the system resources to the statistically stronger
exploiting the multiuser diversity gain inherent in a systeraser and would be highly unfair. In contrast, under the proposed
with users having independent, fluctuating channel conditionscheduling algorithm, users compete for resources not directly

A simple scheduling algorithm has been designed to mdesed on their requested rates but only after normalization by
this challenge [18], [19]. This work is done in the context ofheir respective average throughputs. The user with the statisti-
the downlink of 1S-856 system, operating on a 1.25 MHz IS-9&ally stronger channel will have a higher average throughput.
bandwidth. In this system, the feedback of the channel qualityofius, the algorithm schedules a user when its instantaneous
userk in time slott to the base station is in terms of a requestethannel quality is highelativeto its own average channel con-
data ratel2, (¢): this is the data rate that theh user’'s channel dition over the time scalé.. In short, data is transmitted to a
can currently support. The scheduling algorithm works as fakser when its channel iear its own peaksviultiuser diversity
lows. It keeps track of the average throughputt) of each user benefit can still be extracted because channels of different users



1280 IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 48, NO. 6, JUNE 2002

INd
kS
I

o
)
T

=4
©

)
T

Mobile

o
»

4
2
T
> ©
T T

Requested rates in bps/Hz
o

Average Throughput in bps/Hz

o
IS
T
N
T

=3
w
T
T

Equal time scheduling

02 . . ' ‘ . 08 . ‘ ‘
0 50 100 150 200 250 300 o 5 0 "

) 20 25 30 35
Time Slots Number of Users

Fig. 3. In general, with asymmetric user channel statistics, the schedulip%. 4. Multiuser diversity gain in fixed and mobile environments.
algorithm serves each user when it is near its peak within the latency time

scalet...
I1l. OPPORTUNISTICBEAMFORMING

fluctuate independently so that if there is a sufficient number of The amount of multiuser diversity depends on the rate and
users in the system, there will likely be a user near its peak #fnamic range of channel fluctuations. In environments where
any one time. the channel fluctuations are small, a natural idea comes to
The parametef; is tied to the latency time scale of the applimind: why not amplify the multiuser diversity gain byducing
cation. Peaks are defined with respect to this time scale. If th@ier and larger fluctuations? Our technique is to use multiple
latency time scale is large, then the throughput is averaged oi@hsmit antennas at the base station as illustrated in Fig. 5.
a longer time scale and the scheduler can afford to wait longertconsider a system with’ transmit antennas at the base sta-
before scheduling a user when its channel hits a really high pegkn et h.x(t) be the complex channel gain from antenna
The theoretical properties of this scheduling algorithm agg the xth user in time slot. In time slott, the same block of
further explored in [19]. There it is shown that this algorithngympolsz(t) is transmitted from all of the antennas except that
guarantees a fairness property calteaportional fairessThis  jt s multiplied by a complex numbey/a, ()’ () at antenna
property is further discussed in the Appendix. n,forn =1, ..., N, such thatzi:’_l an(t) = 1, preserving

C. Limitation of Multiuser Diversity Gain the total trans_mlt power. The received signal at usg@ecall (1)
for a comparison) is given by

Fig. 4 gives some insights into the issues involved in realizing N
multiuser diversity benefits in practice. The plot shows the total : J6,.(8)
throughput of the 1S-856 downlink under the proportional fair ui(t) = 221 Van(t) ™ han(t) | 2(t) +2(6). - (2)

scheduling algorithm in the following two simulated environ-
ments: Thus, the overall channel gain seen by recelvier now

« fixed: users are fixed but there are movements of objects N ,
around them (2-Hz Riciam; "< Euirect/Especutar = 5)- ha(t) = Z V() e Oh(t).
Here Fyi.ec; IS the energy in the direct path which is not n=l
varying while E,,..u1.: refers to the energy in the specular  Thew, (t)'s denote the fractions of power allocated to each of
or time-varying component that is assumed to be Rayleidfiie transmit antennas, and thg¢)'s the phase shifts applied at
distributed. each antennato the signal. By varying these quantities over time
's from 0 to 1 andé,,(¢)'s from 0 to 2«), fluctuations in
erall channel can be induced even if the physical channel
The total throughput increases with the number of users gainsh,...(t) have very little fluctuations.
both the fixed and mobile environments, but the increase is moreAs in the single transmit antenna system, each recdiver
dramatic in the mobile case. While the channel fades in bdeds back the overall SNR;.(#)|? /o? of its own channel to the
cases, the dynamic range and the rate of the variations is largase station (or, equivalently, the data rate that the channel can
in the mobile environment than in the fixed one. This mearmsirrently support) and the base station schedules transmissions
that over the latency time scale (1.67 s in these examples), tbeisers accordingly. There is no need to measure the individual
peaks of the channel fluctuations are likely to be higher in ttehannel gains,,.(¢) (phase or magnitude); in fact, the existence
mobile environment, and the peaks are what determines the gdrmultiple transmit antennas is completely transparent to the
formance of the scheduling algorithm. Thus, the inherent mukceiver. Thus, only a single pilot signal is needed for channel
tiuser diversity is more limited in the fixed environment. measurement (as opposed to a pilot to measure each antenna

» mobile: users move at walking speeds (3 km/h, Rayleigt{ﬁg (Ot\)/
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Fig. 5. The same signal is transmitted over the two antennas with time-varying phase and powers.
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plete rotation in 30 ms). Fig. 6 plots the improved performance
as afunction of number of users. Thisimprovement is due to two
reasons: the channel is changing faster and the dynamic range
of variation is larger over the time scale of scheduling (1.67 sin
this example). To get more insights into the performance of this
scheme, we will study the cases of slow fading and fast fading
separately. In the analysis that follows, we will assume that the
T variations in{«,,(¢)} and{6,,(¢)} are performed in such a way
- that the overall channel can be tracked and fed back perfectly
- | by the receivers to the transmitter.
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. | Consider the case of slow fading where the channel gain of
{ Equal time scheduling each useh,,(t) = h, remains constant for atl (In practice,
085 ‘ ‘ - = = - - this means for alt over the latency time scale of interest.) The
Number of Users received SNR for this user would have remained constant if only
. o . — o - one antenna were used. If all users in the system experienced
Fig. 6. Amplification in multiuser diversity gain with opportunistic beam- . . . . .
forming in a fixed environment. such slow fading, no multiuser diversity gain could have been
exploited. Under the proposed scheme, on the other hand, the
overall channel gairh;(t) for each usef varies in time and
rE)"rianvvides opportunity for exploiting multiuser diversity.

Let us focus on a particular usér Now, if eache,,(¢) is

varied in time fronD to 1 andé,,(¢) from 0 to 27, the amplitude

sign parameter of the system. We would like it to be as fagh ,5req of the channgl; (¢)|2 seen by usek varies fromo to
as possible to provide full channel fluctuations within the la—~~ |hue|2. The peak value occurs when the power and phase
tency time scale of interest. On the other hand, there is a prgg? =L kel

tical limitation to how fast this can be. The variation should be lues are in théeamforming configuration
slow enough and should happen at a time scale that allows the
channel to be reliably estimated by the users and the SNR fed y
back. Further, the variation should be slow enough to ensure that nzzjl ]
the channel seen by the users does not change abruptly and thus e _
e o X 0, arg(hpr), n=1,..., N.

maintains stability of the channel tracking loop.

To see the performance of this scheme, we revisit the fixed en-To be able to beamform to a particular user, the base sta-
vironment of Fig. 4 with two antennas, equal and constant (ou#&n needs to know individual channel amplitude and phase re-
time) power split and phase rotation oy@y 2] (with one com- sponses from all the antennas, much more information to mea-

)
T

T
N

gain). The pilot symbols are repeated at each transmit ante
exactly like the data symbols.
The rate of variation of «,,(¢)} and{8,,(¢)} in time is a de-

hnk|2
anziN 5 n:l,...,N
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sure and to feed back than just the overall SNR. However,
there are many users in the system, the proportional fair alg 1s}- i
rithm will schedule transmission to a user only when its overa
channel SNR is near its peak. Thus, it is plausible that in N
slow fading environment, our proposed technique can approa g 1ss
the performance of coherent beamforming but with only overe =
SNR feedback. In this context, the technique can be interpret b
as opportunistic beamformingohases and power allocated ai3 1.}
the transmit antennas are varied in a pseudorandom manner, :‘g b
at any time transmission is scheduled to the user which is c.g -
rently closest to being in its beamforming configuration. Thi g 1
following formal result justifies our intuition. =
Suppose the data rate achieved per time slot is a mor
tonically increasing function of the instantaneous SNR of 12
user. We assume that the power and phase variation proces

16

sk

13

12

{(a1(t), ..., aj_\r(t))]_»t and{(el(t), o, On(8)} are station_— ° % " Number of Users 20 300
ary and ergodic. It is easily seen that under the proportional
fair scheduling algorithm witht., = oo, the long-term av- Fig. 7. Throughput in b/s/Hz for user 1 multiplied by number of users

erage throughput of each user exists [19]. Denote the averd dulgd for slqw Rayleigh fading at 0-dB SNR with the' proportional fair
- Seheduling algorithm. Performance of coherent beamforming for user 1 and

throughput of uset in a system withK" users to béT,EI‘). scheduled at all time is plotted as a dotted line. We have chosen two antennas.
Note that in generaT,E") depends on the slow fading states

(h1i, ... hai), i =1, ... K of all users, as well as the statistics{/,,;, n = 1... N, k= 1... K} arei.i.d. zero mean, unit vari-

of the power and phase variation processes. However, if thece complex Gaussian random variables. The phases are i.i.d.
power and phase variation processes “match” the slow fadingiform on[0, 27] and independent of the magnitudes. The joint
distribution of the users, we have the following asymptotidistribution of the fractional power allocatien, ..., ayx_; is
result for a large system with many users. We assume a discrete N1 N—1

set of slow fading states to minimize the technicality of the .

proof, but extension to the continuous case should be possible. Ploi 2 a5, i=1---N —1] = <1 - Z ai)

i=1
Theorem 1: Suppose the slow fading states of the users are

7 =71... — ]Y_l - =
i.i.d. and are discrete, and the joint stationary distribution of @ €0, 1), i=1N-landy,_ " a <1.ForN =2,

in particular,«; is uniform onl0, 1].

(1 (), ..., an(t), 61 (t), ..., On(t) To see how large the number of users has to be for this result

to be valid, we have simulated the performance of the oppor-

is the same as that of tunistic beamforming scheme for two transmit antennas under

a slow Rayleigh fading environment with average SNRD

k|2 |hovi|? dB. We perform two separate experiments and in both vary the

~ s TN ; —arg(hu), ..., —arg(hne) | phases and powers such that the stationary distribution satisfies
> || ? > | hl? the explicit distributions derived above. In the first, we generate
=l n=l the slow fading realizations (as i.i.d. Rayleigh distributed) for a
for the slow fading state of any individual userThen, almost large number of users (256 in the simulation example), run the
surely, we have proportional fair scheduling algorithm on subsets of the users
_ 5 " (2,4,8,16,64,128,256) and plot the throughput of user 1 (who

AJm KT = Ry is contained in each of the subsets) scaled by the number of

users participating in that round of the scheduling algorithm.
for all k. Here, RE! is the instantaneous data rate that uUser (Here we are assuming the use of powerful enough codes such
achieves when itis in the beamforming configuration, i.e., whehat the data rate achieved in each time slot is given by the

its instantaneous SNR is Shannon limitlog, (1 + SNR) per degree of freedom.) Fig. 7
N plots this throughput of user 1 for two antennas. Also plotted is
P Z | P |? /02 the eventual limit promised by Theorem 1. We see that for 32
et users, the throughput of user 1 is already quite close to the limit.

In Fig. 8, we repeat this experiment for 10 diversity antennas
and 512 users. The observation is that the convergence of the
This result implies that when there are many users, with higlealed throughput to the limit slows down with more antennas.
probability the proportional fair algorithm always schedules tha this experiment, the scaled throughput of user 1 is 40% away
users when they are in their respective beamforming configufeem its eventual limit even with 100 users in the system. Thus,
tions, and moreover allocates equal amount of time to each userachieve close to the asymptotic performance, the number of
The stationary distribution of the phase and power variationsers required grows rapidly with the number of antennas (the
demanded by the theorem can be calculated in close form whenof of Theorem 1 suggests that the number of users required

Proof. See Appendix A. O
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scheduled for slow Rayleigh fading at 0-dB SNR with the proportional faBNR with the proportional fair scheduling algorithm. Performance of coherent
scheduling algorithm. Performance of coherent beamforming for user 1 amelamforming is also plotted.

scheduled at all time is plotted as a dotted line. There are 10 antennas in this

experiment. - .
that the power and phase variation processes are stationary and

i , ergodic as well. The overall channel gain process
grows exponentially with the number of antennas). We resume

this topic and that of choosing the power and phase variation N .
processes$a,,(t)} and{6, ()} in Section VII along with con- hi(t) = Y Vo () O hu(?)
siderations of the impact on the system design. n=t

In the second experiment, the fading environment is s the same statistics for all users and at tithe proportional
same, but instead of focusing on throughput of user 1tdts fair scheduling algorithm simply transmits to the user with the
throughput of all users under the proportional fair algorithrighest|/. (). (Here we are assuming that the latency time
is noted. The total throughput is a function of the realizatio$fal€t. is set to bex.) The throughput achieved is
of the slow fading coefficients. The average total throughput is ) )
obtained by averaging over 300 realizations. This is plotted as E [f < Jnax Y /0' )}

a function of the number of users in the system in Fig. 9. Note

that there is almost a 100% improvement in throughput goif§'€re the functiory’ represents the mapping from the channel
guality to the rate of reliable transmission and the expecta-

from one user to 16 users. Also plotted is the performande . L
under coherent beamforming (the eventual limit in Theorelfpn is taken over the stationary distribution of the process

1). The total throughput is independent of the number of71(), -+, hurc(t))}. The impact of opportunistic beam-

users in the system (the effective channel does not change @gning in the fast fading scenario then depends on how the
there is no multiuser diversity gain.). We see that for 16 usersationary distributions of the overall channel gains can be
opportunistic beamforming is already close to the performangdified by power and phase randomization. Intuitively, better
of coherent beamforming. multiuser diversity gain can be exploited if the dynamic range

We see that with a small number of transmit antennas (/g% the distribution oz, can be increased, so that the maximum
in the simulation example of Fig. 9) the performance is close fJYRS can be larger. We consider a few examples of common

the asymptotically expected one with a small number of usdfling models. _ _ _
(16 users in the simulation example of Fig. 9). 1) Independent Rayleigh Fadingn this model, ap-
propriate for an environment where there is full scattering

B. Fast Fading and the transmit antennas are spaced sufficiently apart, the

channel gaing1(t), ..., hyx(t) are i.i.d. circular symmetric

We see that opportunistic bgamforn_wing can significar_nly irTEfaaussian random variables. It can be seen that in this case
prove performance in slow fading environments by adding faﬁt (t) has exactly the same distribution as each of the individual

time-scale fluctuations on the overall channel quality. The ra insh,.«(t), and moreover, the overall gains are independent

gfegrﬁg?ﬂ-:ucﬁgftlﬁsear::ggﬁ"% Spcehdazgéfa;.gggggua?st' icross the users. Thus, in an independent fast Rayleigh-fading
read fastl(fgst cc?n: arec;]to thglla?enc t'me\;calllel)’? nvironment, the opportunistic beamforming technique does
y b yu j not provide any performance gain.

For simplicity, let us focus on the symmetric case when 2) Independent Rician FadingRician fading models the sit-

the fading statistics of the users are identical. (The situaticagtion where there is a direct line-of-sight component which is

in the asymmetric case is S|m_|lar.) Suppose the_ Channel_ galns time-varying
{hw(t), ..., haw(t)} are stationary and ergodic over time

for each user: and independent across users. Let us assume R (t) = Vaexp(fonr) + bar(t)

3
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wherea is a constantg,,; are uniformly and independently ¢ ‘ '

distributed phases but fixed over time, abgd.(¢) are i.i.d. aal |
CN (0, v) random variables representing the time-varying

diffused component of the fading. The first term is the direc 22
component, differing only in a shift of phases for each of th1:§ e
transmit antennas. (We are assuming that the received energ) 2 il
the direct component is the same from all the transmit antenn 3, 4| L
to a given user.) The-factor is the ratio of the energy in the ®
direct component to that in the diffused compoaent

Rayleigh T |

2 antenna, Ricean, Opp. BF

>
T

1
T 14k

K

= , 1 antenna, Ricean
1+k

a

Average Throu
»

v = E(|bak(t)*)

[
T

In contrast to the Rayleigh-fading case, opportunistic bean |
forming has a significant impact in a Rician environment, par !
ticularly when thex-factor is large. In this case, the scheme ©s; 5 m P 2
can significantly increase the dynamic range of the fluctuation.. Number of Users
This is because the ﬂuctL_Jatmns in the underlylng le:lan-fadl . 10. Total throughput as a function of the number of users under Rician
process come from the diffused component, while with randomading, with and without opportunistic beamforming. The power allocation
ization of phase and powers, the fluctuations are from the ao-(t)’s are uniformly distributed ir0, 1] and the phases, (t)’s uniform in
herent addition and cancellation of the direct path componet[ﬂs%]'
in the signals from the different transmit antennas, in additiont~ , : , , .

I I
25 30 35

the fluctuation of the diffused components. If the direct path i o B
much stronger than the diffused part (largealues), thenmuch %[ /1 antenna, Rician 1
larger fluctuations can be created by this technique. 161 . )

This intuition is substantiated in Fig. 10, which plots the tota ;
throughput for Rician fading witkk = 10. We see that there ™[ '
is much improvement in performance going from the single 12}
transmit antenna case to dual transmit antennas with oppc&

H

tunistic beamforming. For comparison, we also plot the ana§ i 5
ogous curve for pure Rayleigh fading; as expected, there isr osf PR SR 1
improvement in performance in this case. Fig. 11 compares t! S T | \Rantenna, Rician
stationary distributions of the overall channel gaijr(t) in the “r S X ]
single-antenna and dual-antenna cases; one can see the incrc osf ' 1*».,,“ 8
in dynamic range due to opportunistic beamforming. In thes oal ;; 1\ ‘ |
two figures, the throughput is averaged over time. . *« \."".... Rayleigh

More insights into the nature of the performance gaincanb o 5 : R e— - 3

1.5 2
obtained by an asymptotic analysis in the limit of large numbe. Channel Amplitude

of users. The key quantity of interest (Cf' (3)) s the randorlplg_ 11. Comparison of the distribution of the overall channel gain with and

variable without opportunistic beamforming using two transmit antennas, Rician fading.
gk = max |hg|?
K= 200 11k for some constant. Then
wherehy, is the overall channel gain to usér For large K, max zp —

the distribution ofgx depends only on the tail behavior of the IsksK

distribution of the individualhx |*. In all cases of intereshx|*  converges in distribution to a limiting random variable with cdf
has an exponential tail, in which case the limiting distribution
of gz can be computed based on the following result [4, p. 207]. exp(—e™/°).

Lemma 2: Let 7, ..., 2k be i.i.d. random variables with a i N
common cumulative distribution function (cdf)(-) and prob- In the abovelyc is given by F(ix) =1 - 1/K.
ability density function (pdf)(-) satisfying#'(=) is less tharl This result states that the maximumJifsuch i.i.d. random

for all z and is twice differentiable for alt, and is such that  variables grows likéy.
Let us first consider the case when thgs are i.i.d. Rayleigh,

1—F(z) the magnitudgh,|? is exponentially distributed with mean
T | =0 4} condition (4) is satisfied (and, in faatl — F(u))/f(u) = 1
for everyu > 0). The constanty = log K and hence the gain
1This is normally called thei -factor in the literature, but this variable is of the _StrongeSt user grows likeg K. (All the logarithms in the

already used in the present paper. following are to the base.)

lim
200
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In the case when thig,’s are Rician (i.e., single transmit an-component close t¢/ Na. Using (5), the maximum of the gains
tenna case), the tail of the cdf and pdfbf|? can be calculated |hx|?> among theseK users grows at least as fast as

to be
(\/vlog(cK) +VNa— 6)2 + O(loglog K)
1 F() ~ ﬁ () Vi exp <M> = (Volog K + vloge + VNa —8) + Ologlog K)

2
F2) ~ 2 (@) exp <M> = (V vlog K + VNa — 5) + O(loglog K)
2V v asK — oo, for fixed e, & > 0. Since this is true for an§ > 0

and for a subset of the users, we conclude that a lower bound on
where the approximations are in the sense that the ratio of the growth rate ofnax;<x<x |hx|? is

left- and right-hand sides approatlkasz — oo. Hence 5
(\/vlogK—i-\/E) + O(loglog K). (6)
lim [71 — F(z)} = 1
2000 | f(2) v This growth rate can be interpreted as attained by the ideal sit-
N ] o . ] uation when all users are simultaneously at the beamforming
and condition (4) is satisfied. Solvinfg(i ) = 1 —1/K yields  configurations of their fixed componeahdthe resulting fixed
2 component is in phase with the diffused component for every
Ik = (\/UIOgK + \/5) + O(loglog K). (5) user. Using this interpretation and by a simple coupling argu-
ment, (6) can also be shown to be an upper bound to the growth

Intuitively, this expression says that in a large system, the usgte. Thus, the growth rate under opportunistic beamforming is
who has the strongest gain is one whose diffused compongiien by

magnitude is the strongest among all userdwhose diffused

2
and fixed components are in phase. (. /vlog K + \/Na) + O(loglog K).
Comparing to the Rayleigh case, we see that the leading term
in the gain of the strongest user is nevbg K = I}F_K log K Intuitively, one can interpret this result as saying that the user
instead oflog K, reduced by a factor af/(1 + x). with the strongest channel is the one simultaneously having the
What is the effect of opportunistic beamforming? The overaftrongest diffused component among all users, the fixed com-
gain for userk is ponent in a beamforming configuration, and the diffused and

fixed components in phase. Compared to the case with single
) N ) transmit antenna, opportunistic beamforming increases the ef-
|| = \/EZ Van explj(fn + ¢nr)l fective magnitude of the fixed component frop to v/ Na.
n=1 While this does not increase the leading term in the growth rate
(vlog K), it does increase the second term, of orglésg K.

While the above analysis assumes that the fixed component
is from a line-of-sight path, it is also applicable to the case when
the fixed component arises from slow fading. This models, for
example, the situation when part of the environment is fixed and
part is time varying.
wherecy, isCA(0, v), thee;'s are independent and independent 3) Correlated Rayleigh FadingWhen the transmit an-

of a,,’s and#,,’s. The largest possible value for the term tennas are at close proximity or there is not enough scattering
in the environment, the fading gains of the antennas are corre-

lated. From a traditional diversity point of view in slow fading
environments, antennas with correlated fading are less useful
than antennas with independent fading. From the point of view

is v/ Na, when the power and phase allocations are in beaﬁi— opportqnistic beamfo_rming in a _fast fading_ environment,
forming configuration with respect to the fixed component o € opposite conclusion is true. We illustrate this phenomenon
the channel gain of a user. Assume the phase and power distRng the example of completely correlated Rayleigh fading
butions are uniform. In_a large system, for any fixedt 0 and Pk (£) = L () exp (G )-
everye € (0, 1), for all time, there exists almost surely a set of
¢ fraction of users for which Here, the channel gains from all the transmit antennas to a user
is the same except for a phase sHif};(¢) } is a Rayleigh-fading
o /Na—§ process. The phases; depend on the angle of the direct path
' to userk with respect to the antenna array, as well as the ac-
tual placement (linear versus planar arrangement) of the antenna
This happens at every time instant, but the users constituting #reay, but are fixed over time. We can writg;, = »(n, ¥x)
fraction could change from time to time. Thed€ users can be wheres); is the angle of departure of the direct path to user
thought of as experiencing Rician fading with norm of the fixed and» represents the function that decides the phases at the

2

N
+ Z vV (879 exp(len)bnk
n=1

2

= \/az \/@exp[j(en + ¢nk)] + i

N
Vay o expli(Bn + drr)]

V&Y van expli(fn + o)
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Fig. 12. Comparison of the distribution of the overall channel gain with arféig. 13. Total throughput as a function of the number of users under
without opportunistic beamforming using 4 transmit antennas, completelpmpletely correlated Rayleigh fading, with and without opportunistic
correlated Rayleigh fading. beamforming.

antennas, abstracting the placement of the antenna array. Ot hen uset: is in the beamforming configuration. Consider
example, with linear arrays and uniform spacing of lenglfe- 5 |arge system with many users. For a fixed- 0, there will

tween the antennas we have almost surely be a fractione (0, 1) of users for which
2(n — 1)d .
o = thp + (n )AWCOS¢k7 ne1--N N )
where )\ is the wavelength of the transmitted signal. Unlike 2:1 JN explj(fn + dnr)l| > N = 6.

the independent Rayleigh-fading case, the overall channel gain

hx(t) is no longer Rayleigh; instead, it is a mixture of GaussiaQow /;, are i.i.d. Rayleigh distributed random variables. Hence,
distributions with different variances. When the received signadgnong these X users, the maximum of theji;|> grows at
from the transmit antennas add in phase, the overall receiygdst as fast as

SNR is large; when the received signals add out of phase, the
overall received SNR is small. (N — 8)log(eK) = (N — §)log K + O(1), askK — co.

In the case of completely correlated fading, power random-
ization is not necessary, since the transmit antennas always Mg is true for even$ > 0, and it gives a lower bound to the
the same magnitude gain to each of the users. It suffices to @rlowth rate ofmax; << |hx|2. Moreover, it is also clear that
locate equal amount of power to each of the anteliaast) = v 1og K is an upper bound to that growth rate. Thus, we see that
1/N) and change the phases by rotating the single parametportunistic beamforming in a correlated fading environment
angle of departure. Denoting this single parametef(#y, we  yie|ds approximately a factor o improvement in SNR in a
let6,.(t) = —0(t) —r(n, 6(t)) whered(t) is uniformly rotated. system with large number of users. The improvement is more
In Fig. 12, we plot the distribution of the overall channel gaingramatic than in the case of independent Rician fading consid-
with opportunistic beamforming of four transmit antennas, anged earlier. Another important improvement is in the rate of
compare itto the case of one transmit antenna (Rayleigh fadinggnyergence to the asymptotic performance, the limit being in
We assumed = § for this simulation example. One can ob+the number of users. Since the powers are not being varied and
serve the increase in dynamic range due to opportunistic beafis phase is varied in only one dimension, the number of users

forming. Fig. 13 shows the total throughput with and withouyequired to achieve close to asymptotic performance grows only
opportunistic beamforming in the completely correlated fading,early with the number of antennas.

case. There is a significant improvement in throughput, in con-
trast to the independent fading case.

An asymptotic analysis in the limit of large number of users
provides some insight. The overall channel gain ofitreuser

IV. OPPORTUNISTICBEAMFORMING VERSUSSPACE-TIME
CoDES A COMPARISON

under opportunistic beamforming is given by We have motivated the use of multiple transmit antennas to
) ) induce an environment with larger and faster channel fluctu-
2 S , 9 ations. This channel fluctuation increases the multiuser diver-

|hal” = Zl N explj (On + dnr)l| 1lxl™- sity available in the system and is harnessed by an appropriate

scheduler. This use of multiple transmit antennas to perform op-
Thus, |k |? is a product of two independent random variablegortunistic beamforming was motivated by taking a multiuser
The maximum value that the first random variable can take ondemmunication system point of view. On the other hand, there
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are schemes, referred to g3ace—time codesvhich use mul-  An important point to observe is that implicit in the compar-
tiple transmit antennas in a point-to-point communication scison is the assumption that we are spending equal amount of
nario. In this section, we will compare and contrast the oppdime serving each user in the system. This is true if we use a
tunistic beamforming technique with a multiuser system usimoportional fair scheduling algorithm. If, on the other hand, an-
space—time codes (designed for a point-to-point communicatiother scheduling algorithm is used which spends a large fraction
system) in terms of both system requirements and performanggtime serving one user, then the Alamouti scheme could yield
For concreteness, we will begin with a pair of transmit ara better performance than opportunistic beamformingtHat
tennas at the base station. The best known space—time cosler. This is because with so many time slots allocated to the
for this scenario is given by Alamouti [1], and has been acser, it will not be possible to always serve him near the peak
cepted as an option in the 3G standards [16]. This scheme uader opportunistic beamforming. This scenario may happen if
quiresseparatepilots for each of the transmit antennas and thiaere is one user with a very poor channel and the system has
receivers track the channels (amplitude and phase) from badhallocate a disproportionate amount of resources just to meet
the transmit antennas. Consider the slow fading scenario. Tdheinimum rate requirement for that user.
Alamouti scheme creates essentially a single transmit antenn&et us now consider the fast Rayleigh-fading scenario. In
channel with effective SNR of usérgiven by this case, we have observed that the opportunistic beamforming
5 5 technique has no effect on the overall channel and the full mul-
Pllharl” + [hax]7) (7) tiuser diversity gain is realized. It is interesting to observe that
207 with space—time codes, the array of transmit antennas makes the
whereP is the total transmit power. Observe that unlike the ofiime-varying channel almost constant: by the law of large num-
portunistic beamforming scheme, the effective channel of edeérs, for any usek
user does not change with time in a slow fading environment.

N
In this static environment, the proportional fair scheduling al- S | hk|?
gorithm reduces to equal-time scheduling [19]. Comparing this =l
performance with that under opportunistic beamforming, we see N

for large number of users, from Theorem 1, that users are alg the number of antenna$ grows. Thus, the space—time
allocated equal timbutthe effective SNR when a user is transeodes turn the time-varying channel into a less varying one
mitted to is and the inherently available multiuser diversity gain is reduced
a2 =+ [ |2 (cf. Fig. 1). We (_:onclude that the use of space—time codes is
P—— (8) actually harmfulin the sense that even the naturally present
multiuser diversity has been removed. (A similar conclusion
twicethat in the Alamouti scheme. This is the so-called “3-d& arrived at independently in [20].) Of course, to capture the
gain” achieved from transmit beamformingctual transmit inherent multiuser diversity gain, the transmitter has to be able
beamforming requires the measurement and feedback of tbérack the channels of the users. In scenarios when the fading
phases and amplitudes of both the channels to the transmitierery fast or the delay requirement is very short, such tight
The opportunistic beamforming scheme achieves this perféeedback may not be possible. We will revisit this point in
mance using minimal measurement and feedback from e&bction VII.
receiver: SNR of the overall channel. One should also compare the two schemes in terms of system
We can also compare the outage performance of ba#mquirements. The Alamouti scheme requires separate pilot
schemes. This metric is relevant when the bit rate is to kgmbols on both of the transmit antennas. It also requires all the
maintained constant and we are interested in minimizing theceivers to track both the channels (amplitude and phase). To
probability of outage; outage is the event that the constathieve the throughputin (9), a slow time-scale feedback of the
rate is not supportable by the random slow fading chanmairrent channel SNR is also required from the receivers to the
condition. One way to characterize this performance is how fasinsmitter. On the other hand, the opportunistic beamforming
the outage probability decays as a function of the average SEéheme does not require separate pilot symbols on the transmit
(SNR = P/s?) for a given target rate. The outage probabilitantennas. The same signal (including pilot and data) goes over
for a scheme can be computed as the probability that theth the transmit antennas. The receivers track the channel and
effective SNR falls below the target level. For independeattight feedback of the instantaneous SNR of the receivers to
Rayleigh-fading gain& 1y, hax, the Alamouti scheme (cf. (7)) the transmitter is required. We point out that such feedback is a
achieves an outage performance decaygléﬁ (in contrast part of the system design of all 3G systems and appears to be
to the decay o% when there is a single transmit antennaj mild system requirement in view of the advantages it allows,
Thus, Alamouti’s scheme yields diversity gainof 2. The particularly for data systems where the latency time scale is
opportunistic beamforming scheme with many users also hast as tight as voice. Further, to implement Alamouti scheme
the same decay of outage probability with SNR, but with ia a system, all the receivers have to implement a specific
further 3-dB gain on the value of SNR (cf. (8)). Thus, in @emodulating technique (that has complexity twice that of the
multiuser system with enough users under proportional faingle transmit antenna case). In contrast, the opportunistic
scheduling, the opportunistic beamforming scheme strictheamforming scheme has no such requirement. In fact, the
outperforms the Alamouti scheme in terms of both throughpreceivers arecompletely ignoraniof the fact that there are
and outage performances at all SNR levels. multiple transmit antennas and the receiver is identical to that

2
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in the single transmit antenna case. It is in this context that \ilat fading case where a single requested rate is fed batie
have termed our technique as using “dumb antennas.” scheduler allocates at each time a single user to transmit to for
With more than two transmit antennas, the Alamouti scheneach of the narrow-band subchannels.
does not generalize; no full-rate designs exist [13]. The orthog-The proportional fair scheduling algorithm generalizes natu-
onal designs in [13] achieve data rates which are fractionsraily from the flat fading to the frequency-selective fading sce-
that which can be supported by a channel with effective SNRnario. For each usé, it keeps track of the average throughput
) T3(t) the user has been gettiagross all narrow-band subchan-
p n; |k nelsin a past window of length.. For each narrow-band sub-

N (9) channel, it transmits to the usér* (1), where

for userk. Comparing this quantity with the performance of op- E*(I) = arg max Ru(t)

portunistic beamforming for a large system, we see from The- Mo Tk(t)

orem 1 that usekt has SNRN times larger than that underwhereR;,(t) is the requested rate of usein channel at time
full-rate orthogonal designs (even if they exist). From the poiglott. Observe that the throughgfii () is averaged over all the
of view of outage, the diversity gain i¥ in both cases. narrow-band subchannels, not just the subchahrdis is be-

We have based our comparison in the case of coherent caffiuse the fairness criterion pertains totital throughput of the
munication: when pilot symbols are inserted at the transmitteisers across the entire wide-band channel and not to each of the
and the receiver tracks both the amplitude and phase of #@row-band subchannel. As in the flat fading scenario, when
channel. A noncoherent space-time coding scheme has bgea ~c and the fading statistics are stationary and ergodic, this
proposed in [14] which has about a 3-dB loss in SNR with redgorithm can be shown to be proportionally fair [19].
spect to the performance of (9). The opportunistic beamformingA natural generalization of the opportunistic beamforming
can also be used in conjunction with a noncoherent commigchnique is to generate independent powers and phase random-
nication scheme and the resulting performance will again B&tion processes in the different subchannels. A performance
3 dB better in SNR when compared to the space-time codiggalysis can be done in a similar way as in the flat fading
approach. scenario. In the fast fading case, with symmetric stationary

Both space-time codes and opportunistic beamforming d#gling statistics among the users (@ne= o), the steady-state
designed for use in a TDMA system, in which only one user iaroughput7}, is the same for every user. The proportional
scheduled at any time. With full channel knowledge at the trangir algorithm reduces to scheduling the user with the highest
mitter, a more elaborate scheme can transmit to multiple usegguest rate in each of the narrow-band subchannel. Thus, the
simultaneously, exploiting the multiple degrees of freedom ifhroughput per user per channel scales exactly as in the flat
herently in the multiple antenna channel. We visit the issue fding case, already analyzed in Section 1II-B, and the total
scheduling to multiple users simultaneously in Appendix B biroughput per user is just the sum of the throughputs over all
taking an information-theoretic view of the downlink broadcashe narrow-band channels. The advantage of having a wider

channel. band channel in the fast fading scenario comes from the fact
that all users share all bands, translating into more users per

V. WIDE-BAND CHANNEL band for the opportunistic beamforming technique to capitalize

The performance gain of opportunistic beamforming b&N- (Recall that the throughput per band always grows with the

comes more apparent when there are many users in the sysf%lﬁmber of usersK.)' . . . . .
Let us now consider the time-invariant slow fading scenario,

This suggests that the technique is particularly suited élj{/;h

wide-band channels shared by many users. In such a wi _e[g the gain of uséfr to antennaz_ in subchannel IS given

band channel, it is natural to considéequency-selective PY i and does not change over time. We showed in Theorem
fading. While multiuser diversity gain in flat fading channeld that for the flat fading case, oppor'tunlstlc beamfprmmg al-.
is obtained by scheduling users when their overall chanr{_QY"s _each user to_be sche_duleo_l at its peak rate (i.e., when it
SNR is good, multiuser diversity gain in frequency-selectivg at its beamforming configuration) as long as there are suf-

fading channel is exploited by transmitting to the users on tfjgi€ntly many users in the system and the stationary distribu-
frequency bands where their channel SNR is good. tion of the power and phase rotation process matches that of

A simple model of a frequency-selective wide-band chann@e slow fading distribution ofthe users. A generalization to the
is a set ofLL parallel narrow-band subchannels with channdyide-band case can be obtained.
fluctuations in each of the narrow-band channels being fre-Theorem 3: Suppose the slow fading states of the users are
quency flat. The transmit power is fixed to B for each of ji.d. and are discrete, and that the slow fading state distribution
the narrow-band subchanrtellhe users measure the SNR ofor each user is symmetric across subchannels. Assume also that
each of the narrow-band subchannels and feed back the SNftsevery [, the joint stationary distribution of the power and
(or equivalently, requested rates) to the base station. Obsefieise randomization process for subchahnel
that this scheme requires times more feedback than in the

(Oéll(t), . Oé]\rl(t), 91N(t), ey HNI(t))

2In theory, performance can be further improved by allocating different

amount of power for each of the narrow-band subchannels. In a system witBFOn a more practical note, users could only feed back the SNR value on the

a large number of users, this improvement is marginal because of a statistisdt of the subchannels and the identity of that subchannel. In this case, the extra
effect. feedback increases only logarithmicallyfin
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is the same as the distribution of uges slow fading state the effect of intercell interference on the performance of the

) ) system, particularly in interference-limited scenarios. In a cel-

hgz’z h% z z lular system, the channel quality of a user is measured by the

~ S T 5~ arg(hgz), e —arg(hg\r)k) SINR. In a fading environment, the energies in both the received

> hff,{ > hff,z signal and the received interference fluctuate over time. Since
n=1 n=1

the multiuser diversity scheduling algorithm allocates resources
conditional on the fact that based on the channel SINR (which depends on both the channel
amplitude and the amplitude of the interference), it automati-

.

2 2

N N
> r1" = max > r (10) cally exploits both the fluctuations in the energy of the received
= =i signal as well as that of the interference: the algorithm tries to
Then, almost surely, we have schedule resource to a user whose instantaneous channel is good
i andthe interference is weak. Thus, multiuser diversity naturally
lim K7, =L RY i ingi :
AL = L max fy takes advantage of the time-varying interference to increase the

spatial reuse of the network [19].
for all k. Here,R}! is the data rate that uskrachieves in sub-  Erom this point of view, power and phase randomization at
channel whenitis in the beamforming configuration, i.e., whefhe pase-station transmit antennas plays an additional role: it
its instantaneous SNR is increases not only the amount of fluctuations of the received
N 2 signal to the intended usensthin the cells, but also the amount
Py 2
n=1

. of the fluctuations of the interference the base station causes
in adjacentcells. Hence, opportunistic beamforming has a dual
Proof: The proof is along the lines of that of Theorem 1benefit in an interference-limited cellular system. In fact, op-
See Appendix A. 0 portunistic beamforming perforngpportunistic nullingsimul-
Thus, in a system with large number of users, the proportiorﬁpeous!y: while randomization of power and phase in the trans-
fair algorithm serves each user when it is at its peak over I|tted signals from the antennas allows near-coherent beam-
degrees of freedom, i.e., as though each user is transmitte 5ning to some user within the cell, it will create near nulls at
only when itis perfectly beamformed and only in the subchann¥™Me other user in adjacent cells. This in effect allowsrfer-
for which the beamforming gain is the highest. Moreover, tH1c€ avoidancéor that user if it is currently being scheduled.
algorithm spends equal amount of time serving each user, bul-€t us focus on the slow flat fading scenario to get some in-
each user is served only in the subchannel in which its chanfight on the performance gain from opportunistic beamforming
is the strongest. and nulling. Under power and phase randomization at all base
For the theorem to hold, there should be a match betwedations, the received signal of a typical user being interfered by
the power and phase randomization processes and the stb@djacent base station is given by
fading state distribution of the users. In the case when the slow J
fading state distribution is Rayleig_h_ ar_ld indep_endent across y(t) = h(t)a(t) + Z g (D (t) + z(t).
all subchannels, however, the conditioning (10) is unnecessary =1

and hence the matching requirement is identical to that in the ] ) ] ) ]
narrow-band case. This is because for Rayleigh fading Here,z(t) is the signal of interesty; (¢) is the interference from
the jth base station, and(¢) is additive Gaussian noise. All

i
i

‘h(l) 2 ‘h(l) 2 base stations have the same transmit pafvend N transmit
Lk Nk —arg(h(l)) —arg(h(l,)) antennas and are performing power and phase randomization
% X0 27N N0 27 R ik independently7.(t) and g;(t)’s are theoverall channel gains
| | from the base stations
and

N
N h(t) :== Z Van(®)el® ®Oh,
Z |h(l) |2 n=1
—~ nk - |
91(8) == 3\ Bus(t) = 74O,
n=1

are independent. Applying Theorem 3 to the Rayleigh case, we

see that o_ppor.tumst}c beamforming .asymptotlcally.ylelds f’j\l/oherehn andg,; are the slow fading channel gains to the user
N L-fold diversity gain for each user in the slow fading envi: . . :

- . o from the nth transmit antenna of the base station of interest
ronment. This diversity gain is the product between the transmi

. . : . : . and the interfering base statignrespectively. Averaging over
antenna diversity gain and the frequency diversity gain. . . . .
versty ga quency diersity gal the signale(¢) and the interference; (¢)’s, the (time-varying)

VI. CELLULAR SYSTEMS. OPPORTUNISTICNULLING SINR of the user can be computed to be:

. . . 2
So far we have considered a single-cell scenario, where the SINR(#) = Plh(t)| '
noise is assumed to be white Gaussian. For wide-band cellular p i 10:(B)]? + 02
systems with full frequency reuse, it is important to consider =1 I
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The SINR varies because of both the variations of the overhlive coherent demodulation in the downlink) and the feedback
gain from the base station of interest as well as those from tBENR measurements are stable2Aphase change in about 20
interfering base station. In a system with many other users, tioe50 ms is realistic currently.
proportional fair scheduler will serve this user while its SINR is The range of phase and power variation could be quantized
at its peakP Zﬁ:‘;l |hn(t)|?/0?, i.e., when the received signaland each quantized “state” be visited in some deterministic (and
is the strongest and the interference is completely nulled ooontinuous, i.e., not visiting very different states within a small
Thus, the opportunistic nulling and beamforming technique haterval of time) fashion. If the power variation is over the com-
the potential to shift a user from a low-SNR, interference-linplete range (i.e.;’s vary from 0 to 1), then the total power
ited regime to a high-SNR, noise-limited regime. rating of each of the power amplifiers should be equal to that

How close is the performance of opportunistic beamformirdjctated by the total link budget. In this case, the system require-
and nulling in a finite-size system to this asymptotic limit dement is that the number of Class AB power amplifiers with the
pends on the probability that the received signal is near beasame linear region of operation has been multipliedvbyeven
formed and all the interference is near null. In the interferthough base stations are usually powered by an ac supply, the
ence-limited regime wheR/o? >> 1, the performance dependsvery poor power efficiency of the amplifiers is a serious issue as
mainly on the probability of the latter event. This probability isire the cost and size (including the heat sink). One way to ame-
larger when there are only one or two base stations contributiligrate this issue is to ensure that the power variation is never
most of the interference, as is typically the case. In contrastitirely over the rang®, 1], but instead is over a smaller range,
when there is interference from many base stations, interfereseg|[0.3, 0.7]. This way the power rating of the amplifiers is re-
averaging occurs and the probability that th&l interference duced.
is near null is much smaller. Interference averaging, which is The functioning of the wireless systems is supported by the
good for CDMA networks, is actually unfavorable for the opeverhead control channels which are “circuit-switched” and
portunistic scheme described here, since it reduces the likélence have very tight latency requirements, unlike data which
hood of the nulling of the interference and hence the likelihodthve the flexibility to allow dynamic scheduling. From the
of the peaks of the SINR. perspective of these signals, it is preferable that the channel

In a typical cell, there will be a distribution of users, someemained nonfading; a requirement that is contradictory to
closer to the base station and some closer to the cell bounds scheduler-oriented observation that we would prefer the
aries. Users close to the base station are at high SNR anddrannel to have fast and large variations. This issue suggests
noise-limited; the contribution of the intercell interference ithe following design perspective: separate very-low latency
relatively small. These users benefit mainly from opportunistgignals (such as control signals) from flexible latency data. One
beamforming (diversity gain plus 3-dB power gain if there areay to achieve this separation is to split the bandwidth into two
two transmit antennas). Users close to the cell boundaries, marts. One part is made as flat as possible (by spreading over
the other hand, are at low SNR and are interference-limitetijs part of the bandwidth and possibly employing space—time
the average interference power can be much larger than toeles on multiple transmit antennas) and used to transmit flows
background noise. These users benefit both from opportunistith very low latency requirements. The performance metric
beamforming and from opportunity nulling of intercell interferhere is to make the channel as reliable as possible (equivalently
ence. Thus, the cell-edge users benefit more in this system tlaeping the probability of outage low) for some fixed data rate.
users in the interior. This is rather desirable from a system faithe second part uses opportunistic beamforming to induce
ness point of view, as the cell-edge users tend to have poorer $&nge and fast channel fluctuations and a scheduler to harness
vice. This feature is particularly important for a system withouhe multiuser diversity gains. The performance metric on this
soft handoff (which is difficult to implement in a packet datgart is to maximize the multiuser diversity gain.
scheduling system). To maximize the opportunistic nulling ben- In traditional cellular wireless systems, the cell is sectorized
efits, the transmit power at the base station should be set as lamallow better focusing of the power transmitted from the an-
as possible, subject to regulatory and hardware constraints. tennas and also to reduce the interference seen by mobile users
from transmissions of the same base station but intended for
users in different sectors. This technique is particularly gainful
in scenarios when the base station is located at a fairly large

We have introduced the opportunistic beamforming scherheight and thus there is limited scattering around the base sta-
to induce an artificial fading environment as motivated by takingpn. In contrast, in systems with far denser deployment of base
a system design view. In this section, we continue this view fustations (a strategy that can be expected to be a good one for
ther and delineate the impact of introducing this scheme innareless systems aiming to provide mobile, broadband data ser-
complete wireless data system. vices), itis unreasonable to stipulate that the base stations be lo-

We begin with the variation of powers and phases. Obsergated high above the ground so that the local scattering (around
that the data phase and power variations can all be achievethatbase station) is minimal. In an urban environment, there is
the baseband and the only extra hardware requirement is thalbstantial local scattering around a base station and the gains of
each antenna have its own radio-frequency (RF) card with indiectorization are minimal; users in a sector also see interference
vidual power amplifiers. The important constraint on this varidrom the same base station (due to the local scattering) intended
tion is that it be slow enough so that the loops track the chanriiet another sector. The opportunistic beamforming scheme can
(in the case that pilot symbols are introduced and the mobiles thought of as sweeping a random beam (the beam is logical

VIl. SYSTEM AND IMPLEMENTATION ISSUES
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in the diversity antenna case and physical in the correlated afinserting training symbols oaachof the transmit antennas
tenna case) and scheduling transmissions to users when theyoareomplicating any existing receiver (the state-of-the-art
beamformed. Thus, the gains of sectorization are automaticallyace—time codes require that the receivers be appropriately
realized. We conclude that the opportunistic beamforming teatenfigured). Thus, this technique can be introduced in existing
nique is particularly suited to harness sectorization gains evgystems with minimal (and only base-station-specific) changes:
in low-height base stations with plenty of local scattering. lan array of transmit antennas and RF hardware circuits to drive
a cellular system, the opportunistic beamforming scheme alsgch of them, combined with an appropriate scheduler.
obtains the gains of nulling, a gain traditionally obtained by co- A new design principle for wireless networks is emerging
ordinated transmissions from neighboring base stations in a fffough the lens of multiuser diversity. Traditionally, much of
frequency reuse system or by appropriately designing the fige design techniques in wireless systems centered on making
quency reuse pattern. theindividual point-to-point links as close to AWGN channels
We saw in Section IV that the opportunistic beamformings nossible, with a reliable channel quality that is constant over
technique of using an array of muI_tipIe trgnsmit antennas h@$ie This is accomplished bshannel averagingand includes
approximatelyN -fold improvement in received SNR at a usefhe yse of diversity techniques such as multipath combining,
in a slow fading environment as compared to the best space—tgs interleaving, and antenna diversity that attempt to keep the
code. With an array ol receiveantennas at each mobile (andehannel fading constant in time, as well as interference man-
say, a single transmit antenna at the base station), the receiygdyent techniques such as interference averaging by means
SNR of any user gets aiv-fold improvement as compared ;¢ spreading. Indeed, all these techniques are used in spread-
to a single receive antenna (this gain is realized by receiver, . m systems like 1S-95 and CDMA-2000. However, if one

Eﬁargforrfnlng;han opfgr?tlon easy ta accomkp})hsh §|ncef the MQiifts from the view of the wireless system as a set of point-to-
e has Tufl channet in ormation). Hence, the gains of oppo oint links to the view as a system with multiple users sharing
tunistic beamforming are about the same order as that of

lacing the t it ant f the b ati i fie same resources (spectrum and time), then quite a different
placing the transmit antenna array of the base station wi hdgsign objective suggests itself. Indeed, the results in this paper

set of receive antenna arrayesichof the mobiles. Thus, for a )
svstemn desianer. the obportunistic beamforming technigue ?u_ggest that one should instead try to make the channel fluctu-
y gner, bp 9 9u€ Pons as large as possible so that the scheduler can “ride the

vides a compelling case for implementation, particularly in view . ) )
. . . . eaks,” i.e., each user is scheduled when it has a very strong
of the constraints of space and cost of installing multiple ar?—

tennas oreachmobile. Further, this technique neither needChannel' This is accomplished by varying the strengt

. . . the signal and the interference that a user receives. Multiple
any extra processing on part of any mobile receiver, nor any

dates to the air-link interface standards. We emphasize thatLtE sr_n_|t anten_n as, wh|_c h are traditionally use_d o increase the
iability of point-to-point links, are now used in a completely

receiver can be totally ignorant of the use or nonuse of this tedf .
nigue. Thus, it does not have to be “designed in” (by appropria gferent way to effect such channel vanations.
inclusions in the air interface standard and the receiver design)
and can be added any time. This is one of the important and
biggest benefits of this technique from an overall system design
point of view. First, we review a basic theoretical property of the propor-
tional fair scheduler.
VIII. CONCLUSION Let Ry (¢) be the data rate that uskis channel can support
. . . . . . ..at time¢. Suppose{R(t)}, & = 1,..., K are jointly sta-
Multiuser diversity has the potential to provide very Slgnlfliionary and ergodic processes. A scheduler selects at each time

cant performance boosts to wireless systems. The only SyStv%mch user to transmit data to and the decision at tinge-

requirement is tight feedback of the channel quality by the useréc,mJIS (causally) oy (s), s < ¢,k = 1, ... K. Under any

to the base station. The gain comes from scheduling a uséj $ieduler. define the throughgifit achieved by usek as the
transmissions at times when the channel SINR is near its pegki; ¢ thé long-term average data rate transmitted to ésér
In practice, the gain is often limited by the slow rate of Cha”“_% ists, and otherwise the corresponding limit infimum. The pro-

variations and/*or stringent latency requirements, resulting rtional fair scheduler has the following optimality property.
smaller time scale over which the users have to be scheduled. In

this paper, we have introduced a technicpportunistic beam- ~ Lemma 4 [19]: Under the proportional fair algorithm with
forming and nulling to inducefast and large fluctuations in thea@veraging time scalg = oo, the long-term average throughput
SINR of the users. This technique amplifies the possible m@f each user exists almost surely, and the algorithm maximizes

APPENDIX A
PROOF OFTHEOREM 1

tiuser diversity gain while satisfying reasonable latency require- K
ments. ZIOng
The opportunistic beamforming technique utilizes multiple b1

transmit antennas to change the overall channel seen by the
users. We have made the case in this paper that the gei"fHEOSt surely among the class of all schedulers.

of multiuser diversity and opportunistic beamforming and Now we are ready to give the proof of Theorem 1. Let the
nulling technique are significant, especially in the context dtliscrete) slow fading states g = (hj1, ..., hjn), J =
the fact that this “dumb technique” has no overhead in terms. .., M, andp; be the probability that a user is in slow fading
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stateh;. Let us denote the rate of transmission for the bearBut

formed SNR value of state; (equal to(>""_, |h;n|?)/a2) by M
R}’f. Denote the beamforming state of power and phase varia- Z p; log p_;
tion corresponding to the slow fading stdte by (), 6)). = /3](» v

By hypothesis of the theorem, we have assumed that the jai

n . . .
stationary distribution of the power and phase variation proce'§5£he divergence between two probability vectors (nonnegative)

in time has probability; on the statda(), 60)), and by er- and equals to zero if and only if the two probability vectors are

godicity, this is also the long-term fraction of time the procestge same. Hence,j = 1--- M

spends in that state. lim /3](1() =p,.
Fix the number of user&” and denote the fraction of users in Koo
fading stateh; by z/;](l‘) for j =1---M. Auseris said to be in The fraction of time any user in clagss scheduled scaled by

classj if itis in the slow fading staté;. We have for alli that the number of users is

Zj\il z/)](»K) = 1 and almost surely that /3](1() , . s
- () . () 5 -5 as# — oo (16)
Khm z/)j =py, j=1---M. (11) 1/)]'

i.e., asymptotically the proportional fair algorithm gives equal

We first consider the following simple algorithm. At the time;ia 10 all users. Thus. the throughput of any usén class;j
the phase and power variation process is in stagehedule a \hqer the proportional fair algorithm has the property
userin clasg. Furthermore, within a class, schedule users equal

number of times. Since a user in class scheduled only when liminf KT\ < RY.

the power and phase variation process is in the beamforming = . o Koo
configuration with respect to its fading state, the user is schéd@mMbining this with the lower bound on the performance of the

uled at its peak rate. We can compute the average throughBf@pPortional fair algorithm in (15) and using (11) we arrive at

seen by a usek; in class; to be he claim of the theorem. O
p;RY Sketch of Proof of Theorem 3Ve can now use the notation
(]K)J . (12) and the technique of the proof of Theorem 1 to prove the re-
P K sult in Theorem 3. The first extension is that the set of slow

X C
Now consider the proportional fair algorithm. By symmetry, th ding states has cardinalifyl > where, as before} denotes

algorithm schedules users in the same fading state equall;} f number of slow fading states (the same, by hypothesis of

time and let us denote the fraction of time it schedules usersi|f theorem) in any ofthe narrow bands, There are Uy iis-

fadina statei by 3%, We have for allK that tinct power and phase vari_ation vaIge_s, each corresponqmg toat
9 2 by 5 least one of the beamforming coefficients of tifeslow fading

M X« states.
Z /JJ( D=1 (13) Consider the following extension of the simple scheduling
j=1 algorithm that was previously used to lower-bound the perfor-

mance of the proportional fair algorithm. For each power and
hase variation value, denoted with some abuse of notation,
; corresponding to the beamforming coefficients of, say,
Ing statej, schedule a user with thiefading states such that
the maximum of the, beamforming SNR values is exactly that
K () M () /EIQRE?f corresponding to the fading stateFurthermore, schedule equal
Z logTp,” " < Z ;' Klog J(T . (14)  time among users with the above property. The key step is the
k=1 i=l1 vy K identification of the fraction of users that will be scheduled at
Appealing to Lemma 4, we arrive at the following lower boun@ny power and phase variation valdg to be exactly the condi-
using (12): tional probability that the maximum beamforming SNR of the
« " s narrr]ow-band cbhandnflz_is thealzsamforming SNR corresponding
K K p; R to the narrow-band fading stake.
ZlOngg : = Z ¢J< )Klog <¢(K)JK> ) (15) An argument similar to the one above can now be made: under
k=1 3§ . . . .
the proportional fair algorithm, each user is scheduled for ap-
Combining (14) and (15), we get proximately equal amount of time and since there angsers
scheduled (one in each narrow band) at each time, the fraction of

Denoting the throughput of usérunder the proportional fair
algorithm byT,ﬁI‘) we have the following simple upper boun
by observing that a user cannot be scheduled at rate more t 4
its peak rate: a

=1

g: z/;,(.K) log ﬁ >0, VK. time any user is scheduled scaled by the nu_mber of users tends
= J D; - to L for large number of users. In making this observation, we
used the hypothesis that the joint distribution of théading
Using (11), we arrive at states is exchangeable; i.e., the probability that the maximum of
M the beamforming SNRs of thk fading states is any particular
12?152?2 pjlog 1(’2) <0. narrow-band channélis equal (tol/L). Since it is clear that a

user cannot be scheduled at rate larger than the maximum of the



VISWANATH et al. OPPORTUNISTIC BEAMFORMING USING DUMB ANTENNAS 1293

beamforming rates corresponding to the fading states in eactHgfre x4, ..., x are theN independent data streams (in the
the L narrow bands, the upper bound to the proportional algoase of coherent downlink transmission, these signals include
rithm takes a form similar to that of (16) with the quantity on theilot symbols as well). The data stredrhas power and phase
right-hand side scaled by a factor bf The result now follows. at antenna: set toQ;,,(¢) at time¢. The orthonormal matrix
O Q) is varied in time so that the individual components do not
change abruptly in time. The signal received by useat time

APPENDIX B tis
INFORMATION-THEORETIC CAPACITY AND N N
OPPORTUNISTICBEAMFORMING ye(t) = Z Z 1) Qun () e () + 21, (2).
n=1 [=1

In the comparison between opportunistic beamforming and
space-time codes in Section IV, we retained the TDMA strategyL et us consider the slow fading model where the channel co-
of transmitting to only one user (the user is decided by the schedficients are not varying over the time scale of communication
uler) at any time slot. Given this strategy, the sum of the throughind focus on usét. Consider the scenario when the power and

puts of the both techniques grows like phases are at the following values:
log SNR+ o(1) Que— e 4 N s
N 2
for high SNR. This TDMA strategy was motivated from an <Z |hnk|2>
n=1

information-theoretic result on the single transmit antenna
downlink model. It is interesting to consider the informationThe received signal at usérin this scenario is

theoretic capacity of the multiuser downlink communication N L

problem with multiple antennas at the transmitter at high SNR.

The appropriate cﬁannel model is that of a broadcas? channel ur(t) = <Z |h"’“|2> zi(t) + 2 (t).

that is not degraded and the information-theoretic capacity is ] n=t o

not known (recent results that characterize the sum capadiyt'S: Usek is beamformed to beatrand is simultaneously or-
are in [3], [21], [22]). Focusing on the slow fading model, théhogor_lal to the other beams in this setting. If th(_ere are enough
following proposition characterizes tham capacitythe sum of USers in the system, for every beéansome user will be beam-
the throughputs of the users, at high SNR. Here we assume {io4f€d (and simultaneously orthogonal to the other beams) and
the receivers track all the channels and the transmitter has f/falogous to Theorem 1, usegets throughput approximately
side information of the channels (both amplitude and phase)&dual to (under the proportional fair algorithm)

N

Rroposition 5 The sum capacity at high SNR allows the fol- i R} (29)
lowing expansion: ] . o
with transmit powerP (see notation in statement of Theorem
min(K, N)log SNR+ o(1). (17) 1) replaced byk . Here we assumed that the total power trans-

mitted P is split equally among th#’ independent data streams.

The fact that an expansion of the sortin (17) is an upper bouliglso follows that the total throughput of the system is
to the sum capacity is seen directly by allowing the receivers )
to cooperate. The fact that it can be achieved follows from an N'log SNR+ o(1).
achievable strategy of [10]; in [3], the authors show that this/e can make a rough estimate of the number of users required
achievable strategy is optimal both at high and low SNR. Otw achieve the performance of (19). In the “single-beam” case,
inference from this expansion of sum capacity is that the TDM#e number of independent variables 248’ — 1) with vV — 1
strategy losedegrees of freedopequal tomin( K, N), thatare independent power fraction variations aivd— 1 independent
promised by information theory. In this section, we suggestpase variations. In the scenario bf< [ < N beams, the
modification to the TDMA strategy which when combined witmumber of independent variableisV — I? — [ (the dimension
opportunistic beamforming achieves all the degrees of freedooii the corresponding Stiefel manifold). When all tihebeams

The conceptual idea is to haveultiple beamsat the same are active, there ar@V?) number of independent variables as
time. Separate pilot symbols are introduced on each of thempared tqV) in the single-beam case. Thus, the number of
beams and users feed back the SNR of each beam. Transmuggrs required grows very rapidly with the number of antennas.
sions are scheduled to as many users as there are beams at edbk should evaluate the extra requirement on the system to
time slot. If there are enough users in the system, the user wdupport multiple beams. First, in the case of coherent downlink
is beamformed with respect to a specific beam and orthogotr@nsmission, multiple pilot symbols, one set for each beam
to the other beams is scheduled on the specific beam. Suppoag to be inserted, and thus the fraction of pilot symbol power
K> N (if K< N then we use only( antennas). Le)=[Q;,,] increases. Second, the receivers now tratlseparate beams
represent aiV x N orthonormal matrix. The signal sent out ofand feed back SNRs of each on each of the beams. On a practical

the antenna at timet is note, the receivers could feed back only thestSNR and the
N beam which vyields this SNR without much degradation in
Z 21()Qun (B). performance. Thus, with almost the same amount of feedback

=1 as the single beam scheme (amplitude alone), the modified
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opportunistic beamforming scheme yields a total throughput[g8] W.-Y. Kuo and M. P. Fitz, “Design and analysis of transmitter diversity
in a system with a large number of users equal to that of the
information-theoretic limit with full (amplitude and phase) (9]
feedback at high SNR.
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