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Opportunistic Eigenbeamfor ming: Exploiting Multiuser Diversity
and Channel Correlations

Mario Castafieda, Michael Joham and Josef A. Nossek

Abstract Multiuser diversity is an inherent form of diversity
present in any time-varying system with several users. An op-
portunistic scheduler hasto beused in order to exploit thistype
of diversity. A schemethat increasesthe effectivedynamicrange
of thechannel by deploying multipleantennasat thetransmitter
is called oppor tunistic beamfor ming. Opportunistic beamfor m-
ing increases the degree of multiuser diversity in several sce-
narios, including correlated channels. Nevertheless, multiuser
diversity can also be combined with other transmit schemes
that have proven to be effectivein correlated channels, such as
eigenbeamfor ming. Eigenbeamforming is a point-to-point link
transmit technique that could easily be combined with an op-
portunistic scheduler to extract multiuser diversity. Werefer to
thejoint use of eigenbeamformingwith an opportunistic sched-
uler as opportunistic eigenbeamforming. In this work we show
that the available multiuser diversity with opportunistic eigen-
beamformingislarger than the one achieved when opportunis-
tic beamfor ming is employed using the proportional fair sched-
uler under different degreesof correlationin thechannel. Inthe
present work we have considered a single cell scenario.

Keywords eigenbeamforming, MIMO systems, mobile commu-
nication, oppor tunisticbeamfor ming, proportional fair schedul-

ing

1. Introduction

ing at each time slot the user with the largest channel gain.
Similar results have been obtained by Tse for the down-
link in [5]. Multiuser diversity is inherent in the downlink

of a system, which actually represents a point-to-multi-
point link. By serving the best user at each time instant,
multiuser diversity makes use of the channel gains of all
users as efficiently as possible. As the number of users
in the system increases, the gain in spectral efficiency
achieved by multiuser diversity also increases. However,
for the transmitter to be able to serve the best user, feed-
back of thesignal to noise ratio (SNR) or partialchan-

nel state information (CSI) from each user is required. In
addition, multiuser diversity can only be exploited by a
proper scheduler.

A simple scheduler for a multiuser system is the deter-
ministic round robin scheduler (RRS). The round robin
scheduler is fair in the sense that it allocates the ressurce
(time slots) equally among all users with a fixed delay.
However, it produces a constant sum throughput of the
system regardless of the number of users in the system and
does not exploit multiuser diversity. On the other hand,
anopportunistic scheduler serves the users taking into ac-
count their CSI, thus being able to exploit multiuser di-
versity and achieving a higher throughput compared to
the round robin scheme. However, this gain comes at the
expense of unfairness. Various opportunistic scheduling

In third generation wireless systems such as COMA2000schemes have been summarized in [6]. There Liu et al. ex-
and WCDMA, the ever increasing demand for high datapressed that an opportunistic scheduler basically has two
rate in the downlink has been addressed by including gerformance measures: throughput and fairness. In addi-
high-speed shared channel through High Data Rate  tion, a framework for opportunistic schedulers has been
(HDR) [1] mode and théligh Speed Downlink Packet Ac-  presented in [7] considering a minimum-performance re-
cess (HS-DPA) [2], respectively. In these multiuser sys- quirement and two long-term fairness requirements: tem-
tems, the spectral efficiency is improved by exploiting a poral fairness and utilitarian fairness. Temporal faimes
novel form of diversity callednultiuser diversity. Tradi-  means that each user obtains a certain part of the re-
tionally, schemes that employ link diversity view fading sources (time slots); meanwhile, utilitarian fairness nsea
as a nuisance and mitigate the fading by averaging it outhat each user obtains a certain portion of the overall
to resemble more closely a puadditive white Gaussian ~ system performance, e.g. spectral efficiency. A scheduler
noise (AWGN) channel (e.g. [3]). On the other hand, mul- that achieves a good tradeoff between the aforementioned
tiuser diversity does not treat fading as a non-desired eltypes of fairness and the throughput performance measure
ement of the system but actually takes advantage of thés theproportional fair scheduler (PFS) [8].
channel variations. In addition to the number of users, the degree of mul-
The multiuser diversity concept is best motivated by thetiuser diversity depends on other factors such as the dy-
informatic-theoretic result presented in [4]. There, Kpop namic range of the channel fluctuations. An approach that
and Humblet showed that to maximize the sum throughpuincreases the dynamic range with the use of multiple an-
of the users in the uplink of a multiuser systertipaedivi-  tennas at the transmitter is callepportunistic beamform-
sion multiple access (TDMA) scheme must be used, serv- ing [9]. Opportunistic beamforming can be considered as
random beamforming and as an extension of the phase
sweeping antennas presented in [10]. In [9], Viswanath
et al. considered a point-to-multi-point link such as the
downlink of a system with multiple anntenas at the trans-
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versity compared to a system with no point-to-point link decides to which user to transmit with a constant power.
diversity at all. However, as it has been stated in [14],Once the transmitter has the partial CSI from all the user,
proper use of spatial diversity does not really reduce thewe now come across the other requirement to extract the
available multiuser diversity. Moreover, when high mobil- multiuser diversity: the base station must have the abil-
ity is present among the users, multiuser diversity sufferdty to schedule transmission among the users as well as to
due to the use of outdated feedback in the opportunisti@dapt the data rate to the fed back partial CSI. Neverthe-
scheduler [15]. The previous results motivate us to con-ess, the above mentioned requirements are present in the
sider combining point-to-point link transmitting schemes designs of many third generation systems such as 1S-856
with an opportunistic scheduler in a point-to-multi-point [1]. However, besides these requirements the actual degree
link in order to exploit multiuser diversity. of multiuser diversity depends on additional factors.

Opportunistic beamforming produces gain in several With a larger number of users and a larger dynamic
scenarios but it has been shown that this scheme achievegange, there is more multiuser diversity available. In addi
higher gain in correlated channels [9, 16]. However, theretion, a time-varying channel is required in order to exploit
is a point-to-point link scheme termed eigenbeamform-multiuser diversity. As the speed of the channel fluctua-
ing [17, 18] that has proven to be effective in correlatedtions increases so does the available multiuser diversity.
channels as well. For eigenbeamforming, the transmitteHowever there is a limit on how fast the speed of the fad-
needs to know the principal eigenvector of the correlationing should be, such that the fedback CSl is not outdated.
matrix of the channel seen by the receiver. To this end|f the time-variance of the channels is incured by random
the receiver feeds back the principal eigenvector to thebeamforming, which is the same in the pilot- and subse-
transmitter and not the whole correlation matrix. Note thatquent payload phase, no outdating of CSI will occur.
the transmitter actually only requires partial CSl. Furthe ~ Summing up, we can state that for a point-to-point link,
more, in [19] it was shown how eigenbeamforming outper-a non-fading channel is the most reliable and desirable, but
forms opportunistic beamforming in correlated channelsfor a point-to-multi-point link with time varying indepen-
for different degrees of spatial correlation. Inthiswore,  dent fluctuations this statement is no longer true. Instead a
investigate how eigenbeamforming combined with mul- system with several users with independent time-varying
tiuser diversity can exploit not only spatial correlatioms  fading channel with high probability of large channel mag-
a channel but also the correlation that exists between timaitudes and fast fluctuations is better in order to extract
slots. We refer to the scheme that uses eigenbeamforminiguultiuser diversity.
to exploit multiuser diversity agpportunistic eigenbeam-
forming. In the work at hand, it is shown not only that op- . .
portunistic eigenbeamforming is able to make better use#2 Proportional Fair Scheduler
of the spatial correlations but also is more robust to out-\ytiyser diversity can only be exploited through the use
dated feedback. We focus on the downlink of a multiusergf an opportunistic scheduler, for which we will consider
system, i.e. a point-to-multi-point link. o the proportional fair scheduler [8] (PFS). Let us define

In Section 2, an overview of multiuser diversity and the supported data rate for useat time slotn as Ry[n].
the proportional fair scheduler is presented. Section 3 deywnen the PFS is employed, the base station transmits to
scribes the channel model that will be utilized in this work. the yser with the largest current supported data rate com-

The concept of opportunistic beamforming is discussed inyared to its own average rate, i.e. the user
Section 4. Meanwhile, Section 5 defines the opportunistic

eigenbeamforming approach by explaining how it can be . Ry [n]

combined with multiuser diversity. The results and analy- k*[n] = argkma>%€ [n]’ (1)
sis of our work are given in Section 6. Finally, the conclu-

sions of this papers are presented in Section 7. whereTy[n] is the average throughput of userat time

slot n. Through this scheduling principle, the statistically
weaker users will not suffer at the expense of the stronger

2. Preliminaries user as they do not have to wait to have the best channel
or largest supported data rakk.[n] to be served. In this
2.1 Multiuser Diversity sense, the user with the bestative channel is served.

Moreover, the average throughpiit is updated as fol-
Let us consider a point-to-multi-point link where a base lows:
station serves several users in the downlink. In order for 1 1 .
such a link to attain multiuser diversity two general con- 7, 1, ) — (1- t_f)Tk [n] + 7-Rk[n] k= k*[n], @
ditions are required: one at the transmitter and the other at (1 — 5-)Tk[n] k # k*[n],
the receivers. To exploit the multiuser diversity, the base
station requires the channel gain or equivalent SNR fromwherek*[n] refers to the user served in time sloandt.
all of the users before scheduling a user. This informa-s a time constant.
tion is gathered at the transmitter through fast feedback The proportional fair scheduler can be tuned to achieve
of the partial CSI from all the users to the base station different fairness and delay performances. To this end, let
To this end, each user must be able to track and estimatés define the forgetting factgras the inverse of the time
his channel magnitude through a common downlink pi-constant.. (f = ;-). Then, the forgetting factor ranges
lot and then feed it back to the base station. Upon feedfrom 0 to 1 and it represents the percentage of how much
back of all partial CSI of all the users, the base stationweight the served data raf;-[n] for time slotn has on
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wi [n] ha,k[n] a phase shift. Therefore, theth element of the steering
| vector of the antenna array is given by @ —1)27dsin 05,
—— whered andd, ;, are the distance between antennas given

ha [n] Userk in wavelengths of the signal, and the angle of departure of

the bth subpath of theésth user, respectively. Notice, that

yi[n] Ok € [0k — 0,0+ J]. Let us now denote the channel vec-
tor for userk ashy[n] = [k x[n], hix[n], ..., ha k)T,
where(e)T represents the transpose operator. Assuming a
distance between antennasdf 1/2 and based on the
geometry of the ULA we can model the channel vector
hy[n], for userk as follows:

hy[n] = Ary - @[n], (3)

where ¢, [n] € CP whose elements are zero mean in-
dependent complex Gaussian random variables with vari-
ance equal td /B in order to have E |, x|*} = 1. Fur-

the average throughpUt,-[n] for userk*[n]. The PFS  thermore, we have thar, , is the transmit array steering
achieves the best delay performance when the forgettingHatrix given by the Vandermonde matrix:

factor approaches. In this case, the PFS approaches the

Fig. 1. MISO Channel Model for usér

round robin scheduler and no multiuser diversity can be 71”1“% ) o ﬂ.ﬂin .
exploited with this setting. Meanwhile, when the forget- Acw, — € ' o € ’

ting factor in the PFS approachés the PFS now ap- Tk = : . ’
proaches the thgreedy scheduler (GS), thus achieving the e_jﬂ—(jw_.l)sin O ... e—jﬂ(M—.l)sin Ok
maximum multiuser diversity of the system but at the ex- )

pense of increased delay on the weaker users. Hence, tr\]ﬁhereATx_k c CNxB.,

If hy is generated as shown in (3), then the resulting
elements ofh,, x[n] are still complex Gaussian random
variables with zero mean and unit variance. This comes
from the fact that each of thie,, ;. [n] results from a sum-

] mation of B complex Gaussian random variables, through

3. Channel Model and Correlations the steering matriA ry ;, which in turn generate a com-
plex Gaussian random variable with a variance equal to

Before presenting the concepts of opportunistic beam-that of the sum of the variances which in this case is

forming and eigenbeamforming let us first introduce theY.;._, 1/B = 1. Therefore, if theh,, , m = 1,..., N,

channel model that will be employed We will consider a are Rayleigh distributed with unit variance and some cor-

flat fading downlink of a multiuser system witl§ users, relations among them for each uger

i.e. a point-to-multi-point link N antennas are deployed = Moreover, we have that the spatial transmit correlation

at the base station while the receiver at each user hagatrix of the channel vector of each ugeis given by:

only one antenna, thus we havenaltiuser mutiple-input

single-output (MU-MISO) system as shown in Fig. 1 for Cir=E{h; - hZ} _ L Ar Al e CVXN | (5)

userk. Let us definez[n] € C as the transmitted symbol B ' '

for time slotn, h,, x[n] € C as the complex channel gain

from antennan to thekth user for time slot, n;[n] € C

as the additive white noise at the receigefor time slot

n, andyy[n] € C as the received signal at ugefor time

slotn. In our model, we assume thaf, x[n] are complex

Guassian distributed random variables with unit variance;
i.e. Rayleigh fading. of scatterers located on a ring around each user terminal,

Futhermore, let us assume that the base station haSth spatial correlation between antennasndp, i.e. the
uniformlinear array (ULA) with N identical transmitan- elements of the matri€y, i.e. E{hm Khy } can then be
tennas. Even though we have made the assumption of freapproxmated by [20]:
guency non-selective channels we considered that eac
channeh,, x[n] is composed o3 unresolvable subpaths. Jo (27(p — m) d b cos (6),)) e 12m(p—m)dsin (@)~ (g)

We assume that the directions of departure of each of the

B subpaths for each user are distributed over a given anwhere §(e) denotes the Bessel function of the first kind
gle spread with a certain mean angle of departéseper  of order zero.

userk. This mean anglé; per user is taken to be uni- Furthermore, we assume the channel to have a tempo-
formly distributed from[0, 27]. Furthermore, a far field rally correlated block fading, which means thaf, x[n]
assumption is made so that the narrow band signals de-emains constant for time slat As for the temporal corre-

lay caused by the geometry of ULA can be expressed aation, we assume a Jakes power density spectrum, which

degree of multiuser diversity that can be exploited from
the system can be tuned with the forgetting fagtan the
PFS.

where(e)" denotes the conjugate transpose or Hermitian
operator(e)*T. This spatial correlation matrixC; de-
pends specially on the angle spreeaf the path to usek
among where thé unresolvable paths are located. For a
small angle spreadl (6 = sin ) and with a large number
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results in a temporal auto-correlation functionQf j [n] For opportunistic beamforming to be effectively em-
for antennam, m = 1,..., N, and userk that reads as ployed in a correlated channel, the generated opportanisti
follows [21]: beamswp[n] must have the same distribution as that of
X H herez € CV is a vector whose elements have
E{h B ALY = 02 - J(2nfalt), (7) 2/ VE'z wherez €
{hm iln] -l gln+ Afl} = ok - W @mfalt), - (7) the same distribution as that of thg, , form = 1,..., N

fn and At denote the normalized Doppler frequency, [9]. Furthermore, since the,, , are complex Gaussian
and the difference in number of time slots, respectively.random variables, with independent real and imaginary
The normalized Doppler frequency is given Hy = parts, then the magnitude and phase of dagh are in-
Jearterv s B \WHeEre foarien Vs fsion C, andg are the carrier  dependent [22]. Hence, the magnitude and phase of the

fslot'C
freoiuency, the speed of the user, the frequency of the S|0t?ehlzmne12§ni(t)lj‘ge0§[g] bca|n 75)18 geqeratet;lvsglp (tefzitevlg.ct-gr]us'
on,m |» - 7

the speed of light, and the angle between the direction o !
’ . wob[n| are taken form the magnitudes of the elements of
the user and the path to the antemmarespectively:. We an isotropically distributed vector.

assume that = 0 for everyk. IR
The multiple antennas at the base station shown in AS for the distribution of the angle, = arg (wop,m)

Fig. 1 will be used for beamforming rather than trans- Of the elements ofvoy[n], one could expect that to match

mit diversity. In that case, the corresponding MISO sys-the distribution of the correlated Rayleigh chanrielsy,

tem for each user can be described by an equivalent SIS®'€ angled,,, m = 1,..., N, should be uniformly dis-

system. However, when considering the rest of the user&ibuted over0, 27}, i.e. wop[n] would be an isotropically

we now have a multi-point-to-point link. Let us denote the distributed vector. However, when considering the spatial

beamforming vector applied at the base station, as S,ho\,\,ﬁorrelations one needs only to transmit over the strongest
in Fig. 1, aswln] = [wy[n],w2[n], ..., wx[n]]T € CY eam to usek. Therefore, only one angle of departure

where lw,,[n]] € [0,1] andarg (wm[n]) € [0, 2], for  0[n]isrequired, to transmit over one beam to each user, in-
m=1,...,N, are the power allocation and phase alloca-Stéad ofV independentangles [9, 23]. This can also be ob-
tion on each antenna, respectively. In order to preserve S€rved by looking at the approximation given in (6) of the
the transmit power, we must satisﬂN e [n][2 = 1 elements ofC,, for small angle spread. Assuming that the

, m=]1 1Ym =

i.e. the vectow[n] has unit norm. Therefore., we then have distance between adjacent antennas given in wavelengths

T /
that the received signgi; [n] for userk, shown in Fig. 1, |bsyd = 3 then the allocated phask, [n] would be given

reads as follows:

yeln] = w'[n] - hi[n] - z[n] + ngln] (8) _
= hi[n] - z[n] + niln), (9) foreach antennan, m = 1,..., N. Notice that assum-
ing that the angle of depatu#@:| is uniformly distributed
wherehi[n] = w'[n] - hy[n] is the equivalent channel over |0, 2] does not lead to a uniform distribution of the
seen by usek. angled,,[n], form = 1,..., N. The fact that only one
angle needs to be varied can explain why does opportunis-
tic beamforming performs better under correlated fading
4. Opportunistic Beamforming than under uncorrelated fading. In uncorrelated channel,
opportunistic beamforming needs to select appropiately
When applying a random vectavop/n] € CV through NV anglesty,,[n] in order to coherently beamform a user.
opportunistic beamforming in correlated channels, the reHowever, in a correlated channel it is easier to achieve the
sulting equivalent channél,[n] for each usek; from (9) ~ Maximum rate through coherent beamforming since only
will have a larger fluctuations than the original channelsOn€ angle instead aV needs to be selected appropiately
hm.k[n], m =1,..., N, for userk. This will increase ar-
tificially the degree of multiuser diversity in the system.
Furthermore, just as in the case of a single antenna at the
base station, the users must track their equivalent chan- Lo . .
nel hx[n] and feed back to the base station their supportecd. Opportunistic Eigenbeamfor ming
data rateRy[n] resulting from the power and phase allo-
cation done at the transmitter given fmp[n]. Then, the A transmitting scheme that efficiently makes use of the
base station decides which user to transmit to based ofading correlations in point-to-point links is eigenbeam-
the scheduling policy. If the PFS is used, the base staforming [17, 18]. Eigenbeamforming takes advantage of
tion transmits to the best relative user applyiwgs[n]  the spatial correlations present at the base station by tran
at the transmit antennas. With opportunistic beamformingnitting over the strongest beam to a given user. To this
not only does the equivalent channel resembles actually and, eigenbeamforming requires partial CSI at the trans-
SISO channel for each useybut also the use of the mul-  mitter, which in this case refers to the principal eigenvec-
tiple antennas is completely transparent at each receivingor of the spatial correlation matrik;, of the channel for
user. each usek. However, the receiving user can not exactly
- calculateCy, given by (5) and instead lang-term corre-
1 Note that fsor appears in the denominator of the normalized lation matrixC,; ;. is used as an estimate. How this long-
Doppler frequency,, because\t in (7) is given in number of time  term correlation matrix is estimated will be describedrate
slots and not in seconds. Let us then denote the sorted eigenvalue decomposition of

Om[n] = (m — V)wsin (0[n]), (10)
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the correlation matrixC,, 5, as follows: wenk[n] = Vi, is applied at the transmitter then the
equivalent channel is given from (14) as:

N
Cu = VAL VY = Z;Ai,kvi,kv;'k, (11) hi = Wi - hy = v by = & (15)
i—
In order to determingy,, the receivers do not need to mea-
sure the individual link&,,, 1, form = 1,..., N. Instead,
they just need to measuge, which represents the equiv-
alent channeh;, seen by usek when applyingwep ;. [1]
at the base station. The equivalent charineis still just
one complex number as in the case of opportunistic beam-
forming. Moreover, the users feed back the magnitude of
%, or the supported data rate,[n], described in Sec-
tion 2.2, for this channeh;. Upon reception of all the
%ﬁpported data rates from all the users, the base station
®ecides to which user to transmit by employing an oppor-
" tunistic scheduler. In case the proportional fair schedule
is employed, the base station transmits to the best relative
user.

; . . ; : : : THerefore, in opportunistic eigenbeamforming the
combined with multiuser diversity. We refer to this combi- channel is tracked, through the aid of the pilot signals

nation asopportunistic eigenbeamforming. In opportunis- - -
tic eigenbeamforming the users must feed back their prin_transmltted from the base station, for two purposes. On

cipal eigenvector to the base station. This can be done ov tpe one hand, these pilots are used to estimate the channels
pal€lg ' k[n], form =1,..., N. These individual links are re-

several time slots with a given feedback rate. For the_useraa”i’red by the eigenbeamforming scheme in order to calcu-
to calculate this principal eigenvector, they first reqaire late the short-term correlation matrix which is then used to

wherevy ; is the principal eigenvector of,; ;, i.e. the
eigenvector belonging to the largest eigenvalyg, of
C.r.x. Under eigenbeamforming, the beam vestqg, ;. [7]
applied at the transmitting base station for usewvould
then bewep,; [n] = v7 ;. Contrary to opportunistic beam-
forming, in opportunistic eigenbeamforming there is a
beamforming vector for every user, since each user has h
own distinct principal eigenvector. By applying this power
and phase allocation at the base station, the data for us
k is transmitted over the strongest beam available in th
channel to usek. This in average increases the through
put of the point-to-pointlink under the correlations prmse
in the channel [17, 18].

In [19], it was shown how eigenbeamforming can be

H)?Clljs%rr]g e%'Th?;eetgg'rtﬁgagggfé’;gi]égl;u; seﬁ(]jv LepalPdate the long-term correlation matrix from where their
DR i Paturrent principal eigenvector for each user is estimated.
rate pilot signals on each antennafor m = 1,..., N.

eOn the other hand, the channel is also tracked in order to
dstimate the equivalent chanrigl = & for each user
under the assumption that the base station transmits over
their strongest current beam.

Once the receiving users have estimated his channel th
proceed to calculate short-term correlation matrixCer, i,
with the current channel conditions:

Cariln] = hy[n] - B [n)], (12)

for each usek. This short-term correlation matrix is used 5.1 Feedback of Principal Eigenvectors

to update the long-term correlation matii; ; at time . . .
slotT as follows: In order to schedule the users and exploit multiuser diver-

sity in both schemes, opportunistic beamforming and op-
1 E portunistic eigenbeamforming, the feedback of the SNR
Cukln] = T > Cerilnl. (13)  is required. However, opportunistic eigenbeamforming
n=1 needs additional feedback so that the principal eigenvecto

Let us now assume that the base station has the prinQf each user Is ava!lable atthe _bas_e station.
In order to provide a quantitative comparison of the

cipal eigenvectowr ; for each usek. When combining ”» : RS

eigenbeamforming with multiuser diversity the base sta-2dditional feedback required by opportunistic eigenbeam-

tion must decide to which user to transmit based on Soméormmt% Ite:hus éﬁrll?s;dezjtgle fko_llowmgtex_amﬁpiﬁ.kl[et “3 as-

fed back partial CSI. Even though, that for opportunis- SUMe tat the SR 1eedback 1S constraing zan

P : T ; _ that the feedback is quantized with> 1 bits. That means

tic eigenbeamforming the individual links,, 5, for m = that i d h ds to feedbaER bit

1,..., N, are required for updatingG,;, a good estimate ‘ a:hmé)ne setci)_n eﬁc u|S(t-:'r neeas 1o ?ﬁ tthe | 'St

of the individual links is not required at each time slot for ‘0 ‘€ DAs€ station. INow, It us assume that the long-term
1ﬁropertles of the channel remain constant for one second.

choosing the best user. At each time slot each user mu d 086 kmoh. that that th
feedback what would their equivalent chanhgfrom (9), or a speed o mpnh, that meéans that tné we assume
that thelong-term correlation matrixC, ;, and therefore

if they were served by transmitting over their strongest = ! T

beam with the beamforming vecterenx[n] = v* ,, ap- the principal eigenvector of usérremain constant over a

plied at the base station. Based on the Karhuhen-LoévgIStance.O.f10 meters, which is a reasonable assumption. .

expansion [25] we can write the channel vector of user In addition, let us assume that the users feedback their
principal eigenvector by using > 1 quantization bits per

as follows: N real and imaginary part of the eigenvector. Furthermore,
hy, = Z&' k- Vik, (14) et us recall that the beamforming vector is constrained
= ’ to have unit norm and that only the relative difference be-
tween the phases of the eigenvector elements are of impor-
where &, ,, ¢ = 1,...,N are unit variance complex tance. To show this, let us assume that usenstead of
Gaussian random variables. If the beamforming vectoifeeding backv; i, feeds back as its principal eigenvector
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Vi x» Where downlink of a single cell with a base station with a ULA
' (16) constituted of N = 4 transmit antennas with a distance
d= % wavelengths between antennas and with only one

wherey € [0, 2. Thus, from (15) we have that the equiv- @ntenna at each receiver. Thus, each point-to-point link

/ jv
Vik = Ch " Vik,

alent channel for usér with v/, is constitutes a MISO system as depicted in Fig 1. Further-
b more, we have the overall downlink system represented
b = eV e, (17) as a point-to-multi-point link where we assume there are

a maximum ofK = 64 users with the same normalized
which still has the same maginitude &g from (15).  Doppler frequency, and angle spreadl The carrier fre-
Therefore, we only neety — 1 complex numbersto char- cuency isfc = 2 GHz. We assume that the channels
acterize the principal eigenvector. The magnitude of thefum x, form =,1,..., N for userk are block correlated
N-th element of the eigenvector is determined from theRayleigh flat fading with unit variance as described in Sec-
unit norm constraint while the phase of theth element  tion 3. Moreover, the average SNR at the receiver a8
can be determinely set to zero. Hence,fbantennas each and there ar@500 time slots transmitted per second.
user needs to feedba@kN — 1)P bits in order to send The effect of the outdated feedback is represented as
the principal eigenvector to the base stafiofhe ratio of ~ follows. We consider the existence of a training phase at
the additional feedback of the principal eigenvector to thetime slotn where the magnitude of the equivalent chan-

SNR feedback in one second per user is then: nel hi[n] given by (9) or (15) is measured by usefor
opportunistic beamforming and opportunistic eigenbeam-
2(N-1)P (N-1)P

_ 18 forming, respectively. The users are served through the
500B _ 9250B (18) proportional fair scheduler with different forgetting fac

. i ) tors f. We assume no processing delay and consider that
If we considerN = 4 antennas with3 = 4 bits for the  the feedback required to exploit the multiuser diversity by
SNR feed_back an® = 4 _blts for the quantization of the the PES is fed back during time slot+ 1, while the ac-
real/imaginary part per eigenvector element, we have thafa| transmission to the best relative user is done in time
the add|t|o_nallfe_edba%k required by opportunistic eigen-sjoty, + 2. Therefore, the equivalent chanitgl[n] that is
beamforming is just.2% of the required SNR feedback. measured is based on the, ,[n], while the actual chan-
Hence, the additional feedback of the principal eigenvecg|s when the selected useiis served aré,, Kln + 2],

tor is negligible compared to the SNR feedback requiredior 1, = 1,..., N, as shown in Fig. 2. Hence, the result-
d

represent the principal eigenvector do not need to be fe
back at once and can be distributed over several feedback

slots. Additionally, the principal eigenvector feedbaekc Training Slot Feedback Slot Transmission $lot
be further reduced by using tracking algorithms such as P i [1)] B [0 + 1] P [0 + 2]

the approach for tracking the signal subspace presented in : : :

[26].

Finally, note thatV pilots are required to estimate the Fig. 2. Outdated Feedback Model
principal eigenvector for each user, whereas only one pilot
is required in the opportunistic beamforming scheme. In  |n addition, the correlation matrix among the transmit
the opportunistic eigenbeamforming scheme,fthpilots  antennas is given by (5) but we use the approximation

are used to estimate for each ugetthe h,,, ,, for m = that of each of the elements of this matrix is given by (6).
1,..., N, with which the correlation matri<,, » can be  This approximation is valid since we consider small an-
estimated and in turn the principal eigenvectar; for  gle spreads such that ~ sind, then the random beam

each usek. used for opportunistic beamforming will be directed only

over one beam by randomly varying a single anglas
explained at the end of Section 4. Moreover, the auto-
6. Comparison: Opportunistic Beamform-  correlation among the time slots is given by a Jakes model

i ot ; eam _ described in (7).
ing vrs. Opportunistic Eigenb form Furthermore, when considering opportunistic eigen-

ing beamforming we assume that the long-term correlation
matrix C,; , has been estimated over a large number of
6.1 Simulation Setup time slotsT as given by (13). In addition, we assume

- that the base station has available the principal eigenvec-
To evaluate the performance of opportunistic beamforms- P b 9

: e S tor vy, of the long-term correlation matrix for each user
ing and opportunistic eigenbeamforming in correlated,.’ _ " - This is done through some feedback de-

channels with outdated feedback, let us consider th‘?)ending on how fast the channel changes. However, if we
assume tha€y; [n] = Csx[n] at each time slok and

2 Thus, we hav@2™—DP possible vectors for characterizing that the users can feedback their principal eigenvector at

the principal eigenvector. If we ha®¢ — 4 antennas and use €ach time slot, then the base station has available instanta

P = 4 bits, we have more thah6 x 107 possible eigenvectors. N€ous channel state information. If this is the case the base

If we useP = 5 bits, then we have more thanx 10° possible  station can perform coherent beamforming to the best rel-

eigenvectors. ative user. With such a theoretic case the maximum rate
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can be achieved and it serves as an upper bound for oppao
tunistic eigenbeamforming. We will refer to this scheme in
the following asopportunistic coherent beamforming.

To depict the corresponding delay performance for dif- A
ferent degrees of multiuser diversity achieved through dis
tinct forgetting factors in the proportional fair schedule
let us define theutage delay D, which is related to a
probability poy: as follows:

w
5]
T

w
T

- OCB PFS &=1"

PI‘Ob{D < Dout} =1— pout, (19) 25 4 o= T lemmmrT T OEB PFS&::I.: I

R PO i ORB PFS &=1"

wherepo is theoutage probability that a given delay is R e TTTOCBPFS 8710,
2F pia A OEB PFS §=10 [|

larger thanDgt. The delayD is given in number of time
slots. In the simulation we sety: = 2%. Each forgetting g
factor in the PFS corresponds to a certain delay perfor
mance represented through the outage délay.

Average Sum Throughput (bps/Hz)
\
)
1

-0- ORB PFS 3=10°
—v—OCB PFS 5=30 ||
d A OEBPFS & :30:
-0- ORB PFS =30

=

5
T
-

Regarding the degrees of correlation in the channel, we 1 10 20 30 20 50 60 70
will consider angle spreads up 46°. As for the normal- Number of Users K
ized Doppler frequency the maximum speed treatesd is
km per hour. Fig. 3. Multiuser Diversity Gain

6.2 Analysisand Results

45

In the following, the figure of merit that will be ' ' "OCB PFS 5-1°
used to asset the degree of multiuser diversity will X OEBPFS3=1 |
be the average sum throughput of the system. Fur i ORB PFS 5=1

—v—OCB PFS =10
A OEB PFS 5=10"|]
-0- ORB PFS 3=10"
—¥—0CB PFS 5=30 ||
~“y A OEBPFS 5=30"
-0- ORB PFS 5=30" |

thermore, we assume that the supported data rat
or throughput for userk is given by the Shan-
non equationR;[n] =  log, (1 + SNRn]), where
SNRn] = |hg[n]|/o? with o7 as the variance of the
noise at the receiving usérfor which we have assumed is
equal to unity for every user. As mentioned in Section 2.1,
one of the determining factors in the degree of multiuser

3.5F

2.5F

Average Sum Throughput (bps/Hz)

diversity is the number of users in the system. In order to T 2
observe this performance, we have plotted in Fig. 3 the av K
erage sum throughput as a function of the number of user L5r e

for the three opportunstic schemes detailed in the previ A
ous section: opportunistic beamforming (OB), opportunis- b= = = = 10
tic eigenbeamforming (OEB) and opportunistic coherent Forgetting Factor

beamforming (OCB). These results correspond for a spee.
of 35 kmph with several angle spreads. In addition, the _ _ o _ _
users are served through the PFS with a forgetting factoFi9- 4. Multiuser Diversity Gain Tradeoff: Forgetting Fart
of 0.001. The gain resulting from multiuser diversity can
clearly be seen from this figure, for which as the number
of users increases all of the treated schemes increase théirg outperforms opportunistic beamforming for different
performance represented by the average sum throughpdegrees of correlation in the channel. The different de-
of the system. grees of correlation are represented by the different an-
To evaluate the peformance for different settings of thegle spreads. As the angle spread decreases the degree of
proportional fair scheduler, Fig. 4 depicts the average suntorrelation increases and the performance of opportunis-
throughput for a set oK" = 64 users as a function of the tic eigenbeamforming basically matches the one of oppor-
forgetting factor. As stated in Section 2.2, the degree oftunistic coherent beamforming. For each case, the maxi-
multiuser diversity that can be exploited in a system in-mum possible achieved performance is obtained through
creases as the forgetting factor is reduced which can bepportunistic coherent beamforming and is represented
clearly seen in this figure. However, this increase in mul-as an upper bound on the average sum throughput. The
tiuser diversity comes at the expense of delay. To observepportunistic eigenbeamforming scheme still outperforms
the tradeoff between the multiuser diversity and the de-opportunistic beamforming also for different values of the
lay, Fig. 5 shows the average sum throughput but now as #orgetting factor. When the delay performance is consid-
function of the outage delal,,: with a outage probabil- ered, it can be seen that the for a given outage delay,
ity set topour = 2%. Every forgetting factor from Fig. 4 the average sum throughput achieved with opportunistic
translates into an outage delay in Fig. 5. eigenbeamforming is higher than compared to opportunis-
Moreover, in each of the previous figures, Figs. 3-5,tic beamforming. These results agree with the ones pre-
it can also be seen how opportunistic eigenbeamformsented in [19]. Nevertheless, we will now proceed to eval-
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Average Sum Throughput (bps/Hz)
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T
e

=0.002
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Average Sum Throughput (bps/Hz)

451

3.5F ! / - :
RO S f=0.0001 ORBPFS231
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Fig. 5. Multiuser Diversity Gain Tradeoff: Outage Dela
g y g y Fig. 6. Outdated Feedback: Average Sum Throughput vrs Spfeed

the Users

uate the impact of the temporal correlations in the channel

fair scheduler for different user’s velocities under diffet  increases, the degree of correlation decreases and so the
degrees of correlation. _ multiuser diversity available in the system. When there is

When different speeds for the users are take into acy fully correlated channel, all the power of the channel is
count, one must consider the effect of the outdated fEEda”ocated over 0n|y one eigenmode of the channel. How-
back, since the channel that was tracked is no longer thever, as the angle spread increases, i.e. the spatialaorrel
same at the moment a user is served. Then, it might turion in the channel decreases, the condition of the spatial
out that the selected user is no longer the best user. I@orrelation matrix decreases since the power of the chan-
Fig. 6, the effect of the outdated feedback can be observefe| is distributed over all the eigenmodes. This means that
for the different opportunistic schemes treated so far. Thehe throughput achieved through coherent beamforming of
results presented in this figure correspond to angle spreag uyser with full correlation would be in average larger than
6 = 1°andé = 30°. In addition, PFS 1 stands refers the throughput achieved through coherent beamforming of
to the proportional fair scheduler with a forgetting factor 5 yser with a less correlated channel. This would explain
f = 0.001, meanwhile PFS 2 corresponds to the propor-the decrease in performance as the angle spread increases
tional fair scheduler with a forgetting factgr = 0.002.  for opportunistic eigenbeamforming, since the eigenvalue
One can see that for low speeds, the degree of multiusegorresponding to the principal eigenvector is now smaller
diverstiy increases up to a maximum value as the speegls compared to when the angle spread is smaller. In ad-
of the users increases. This can be explained from the facition, we have that opportunistic beamforming is outper-
that there is a larger degree of multiuser diversity when thgrmed by opportunistic eigenbeamforming because OB
channel fluctuations are fast. When there is fast fading, th@oes not a|WayS transmit on the Strongest eigenmode of
dynamic range of the channel fluctuations over the latenc\the channel as OEB does. In the limit, when we have a
time scalef. increases, thus increasing the available mul-fylly uncorrelated channel, where the condition of the spa-
tiuser diversity. Notice also that this increase is reklfiv  tjal correlation matrix of the channel is equal 1o we
larger for OCB and OEB as compared to OB, since op-would have that the performance of OB is the same as that
portunistic beamforming is already inducing faster chan-qf OEB.
nel fluctuations through the use of the random beam at Fyrthermore, one can also analyze the performance of
the transmitter. After reaching maximum sum throughput, Eportunistic eigenbeamforming relative to opportunisti

)

the degree of multiuser diversity decreases as the speed geamforming. To this end, let us define the following ratio:
the users increases for all of the schemes since they suffer

from the effect of the outdated feedback and in fact now Soes(d, K)
it incurs in a loss. Moreover, we have that PFS 1 outper- Sos(0,K)
forms PFS 2 since PFS 1 has a smaller forgetting factor. ’

In order to evaluate the degree of multiuser diversitywhereSoeg andSog are the sum throughput achieved with
as a function of the degree of correlation, Fig. 7 depictsthe PFS ¢ = 0.001) for opportunistic eigenbeamforming
the average sum throughput as a function of the anglend opportunistic beamforming, respectively. This retati
spread. These results correspond to a spee&td &mph  gainn is a function of the number of users, speed of the
with the PFS using two forgetting factors,= 0.001 and  users and of the angle spread. For a speesbdfmph,

f = 0.002. A small angle spread indicates a large degreeFig. 8 depicts this ratio as function of the angle spreads for
of correlation as all of the subpaths to one user practicallydifferent number of users. It can be seen from this figure

10, K) = (20)
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Fig. 7. Degree of Correlation: Average Sum Throughput vrgl&n
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is increased in correlated channels. Nevertheless, an effi-
cient transmit schemes for point-to-point correlateddink
can be employed to achieve an even greater gain. We have
shown that combining eigenbeamforming with an oppor-
tunistic scheduler, such as the proportional fair schedule
increases the degree of multiuser diversity. This concept,
which we term opportunistic eigenbeamforming, not only
outperforms opportunistic beamforming for different de-
grees of spatial correlations in a channel, but also at dif-
ferent speeds of the users. Opportunistic eigenbeamform-
ing is more robust to outdated feedback that results from
the speed of the users. The larger achievable sum through-
put of opportunistic eigenbeamforming over opportunistic
beamforming s a result of having more partial CSl of each
user at the base station. This partial CSl corresponds to the
largest eigenvector of each user which must be fedback
from each user. However, the feedback of this eigenbeam
is not comparable with the SNR feedback required to ex-
ploit multiuser diversity in a TDMA system. This addi-
tional partial CSI can be fed back a much slower rate than
the SNR feedback required by an opportunistic scheduler
to serve a user at each time slot.

In addition, the existing tradeoff between the multiuser
diversity gain and the delay performance provided through
different settings of the forgetting factor in the propor-
tional fair scheduler was also shown. For all the for-
getting factors and the corresponding values of the out-
age delays, opportunistic eigenbeamforming achieves a
higher average sum throughput as compared to opporun-
tistic beamforming. Furthermore it was shown how oppor-
tunistic eigenbeamformer comes close to the upper bound
of the average sum throughput, achieved through oppor-
tunistic coherent beamforming, when the angle spread is
very small. As the angle spread increases the power of
the channel is distributed over all the eigenmodes of the
channel, thus decreasing the multiuser diversity gain that
can be extracted with OCB, OEB and OB. However, for
any angle spread OEB still outperforms OB. Meanwhile,
as the number of users increases and the angle spread in-
creases, the perfromance of the opportunistic beamform-
ing and opportunistic eigenbeamforming converge.

Fig. 8. Gain of OEB over OB: Different Number of Users and Angl
Spreads
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