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ABSTRACT schemes, traditionally designed for point-to-point linkéth
an opportunistic scheduler under partial CSl feedbackaesiu

Multiuser diversity is an inherent form of diversity presén . : . :
. . . . the degree of available multiuser diversity compared tosa sy
any time-varying system with several users. An opportunis:

tic scheduler has to be used in order to exploit this type o?,[e?alvgzgfsagggt?rﬁg]mt I:(r)\ke(jrl\lljesreslgi Esﬂ :::él%?\x?\s/i?rsgoe
diversity. With multiple antennas at the transmitter, appo » Prop b »

- L : ot really reduce the available multiuser diversity. Mame
tunistic beamforming increases the dynamic range of the elq o S y. V¢ ,

; . : : when high mobility is present among the users, multiuser di-
fective channel in spatially correlated scenarios. Moegpv

.versity suffers due to the use of outdated feedback in the op-

multiuser diversity can also be combined with other trasmi I . )
S ortunistic scheduler [7]. The previous results motivegeal
schemes that have proven to be effective in correlated chaf- . - . L "
consider combining point-to-point link transmitting sahes

nelg, such as e|ggnbequorm|ng. We-re.fer o the joint USKith an opportunistic scheduler in a point-to-multi-pdink
of eigenbeamforming with an opportunistic scheduleops in order to exploit multiuser diversit

portunistic eigenbeamformingn this work we show that the P Y-

availgble_ multiuser diversity with o_pportunistic eigeam}_ . Opportunistic beamforming produces gain in several sce-
forming |s_larger than the one achieved wh_en OPPOMUNISUG ¢ but it has been shown that this scheme achieves ahighe
beamforming is employed using the proportional fair sched-

; T ain in correlated channels [4]. However, there is a pant-t
uler under different degrees of correlation in the chantrel. goint link scheme termed eEg]enbeamforming [8, 9] I?hat has
the present work, we have considered a single cell scenario '

proven to be effective in correlated channels as well. Furth
more, in [10] it was shown how eigenbeamforming outper-
1. INTRODUCTION forms opportunistic beamforming in correlated channets fo
different degrees of spatial correlation. In this work, wesis-
In third generation wireless systems such as WCDMA, theigate how eigenbeamforming combined with multiuser diver
ever increasing demand for high data rate in the downlinkity can exploit not only spatial correlations in a channel b
has been addressed by including a high-speed shared chaitso the correlation that exists between time slots. We tefe
nel through theHigh Speed Downlink Packet Acce@$S-  the scheme that uses eigenbeamforming to exploit multiuser
DPA) [1]. In such multiuser systems, the spectral efficiencyiversity asopportunistic eigenbeamformingn the work at
is improved by exploitingnultiuser diversity2]. Multiuser  hand, it is shown not only that opportunistic eigenbeamform
diversity is inherent in the downlink of a system, which actu ing is able to make better use of the spatial correlations but
ally represents a point-to-multi-point link. However, irder  that it is also more robust to outdated feedback. We focus on
to exploit multiuser diversity feedback of tisggnal to noise  the downlink of a multiuser system, i.e. a point-to-muliipt
ratio (SNR) or partialchannel state informatio(CSI) from |ink.
each user is required. Furthermore, an opportunistic sched

uler, such as theroportional fair schedule(PFS) [3], that In Section 2, an overview of the proportional fair sched-
takes into account the partial CSl, is required at the trainsm uler is presented. Section 3 describes the channel model tha
ter in order to serve the users. will be utilized in this work. The concept of opportunistic

Among others factors, the degree of multiuser diversitypeamforming is discussed in Section 4. Meanwhile, Sec-
depends on the dynamic range of the channel fluctuations. Aion 5 defines the opportunistic eigenbeamforming approach
approach for the downlink that increases the dynamic rangey explaining how it can be combined with multiuser diver-
with the use of multiple antennas at the transmitter is dallesity. The results and analysis of our work are given in Sec-
opportunistic beamformingt]. tion 6. Finally, the conclusions of this papers are preskinte

It has been shown in [5] that combining transmit diversitySection 7.



2. PRELIMINARIES

In order to exploit multiuser diversity in the downlink of a ha.k[n] Userk
system two requirements are needed. On the one hand, each y
user must be able to track and estimate his channel magni-

tude through a common downlink pilot and then feed back its ;]
partial CSl to the base station. On the other hand, with this ——
partial CSl, the base station must have the ability to sched-

ule transmission among the users as well as to adapt the data

rate to the fed back partial CSI. Nevertheless, the above men
tioned requirements are present in the designs of many third
generation systems such as 1S-856 [13].

Multiuser diversity can only be exploited through the use Fig. 1. MISO Channel Model for usét
of an opportunistic scheduler, for which we will consideg th
proportional fair schedulef3] (PFS). Let us define the sup-
ported data rate for usérat time slotn as Ri[n]. When the

PFS is employed, the base station transmits to the user Wiﬂ’let us now introduce the channel model that will be em-

the largest current supported data rate compared to its 0Wr]oyed. We will consider a flat fading downlink of a multiuser

i p
average rate, i.e. the user system withK users, i.e. a point-to-multi-point link. The

base station haswniform linear array(ULA) with N identi-

yi[n]

n[n]

3. CHANNEL MODEL AND CORRELATIONS

k*[n] = argmaXRk_W7 (1)  cal transmit antennas while the receiver at each user hgs onl
ko Tk[n] one antenna, thus we haverailtiuser mutiple-input single-

output(MU-MISO) system as shown in Fig. 1 for userLet
whereT}[n] is the average throughput of useat time slot  ys definex[n] € CF as the vector of? transmitted symbol
n. Through this scheduling principle, the statistically Wea for time slotn, hmkln] € C as the complex channel gain
users will not suffer at the expense of the stronger user fom antennan to thekth user for time slot, ny[n] € C*
they do not have to wait to have the best channel or largegs the additive white noise at the receikefor time slotn,
supported data ratg[n] to be served. In this sense, the userandy,[n] € C* as the received signal at usefor time slot
with the bestrelative channels served. Moreover, the aver- 5. In our model, we assume thaf, .[n] are complex Gaus-
age throughput, is updated as follows: sian distributed random variables with unit variance, e.
assume Rayleigh fading.
(1= H)Tw[n] + £ Ri[n] k= k*[n], Furthermore, we assume that each chahpgl[n] is com-
Tilt+1] = { (1— ti)Tk[n] ‘ k # k*[n], (2) posed ofB unresolvable subpaths. We suppose that the direc-
‘ tions of departure of each of the subpaths for each user are
distributed over a given angle spreadith a certain mean an-
gle of departurd;, per uselk. This mean anglé;, per user is
taken to be uniformly distributed ovéw, 2x]. Furthermore,
% far field assumption is made so that the narrow band sig-
eﬁals delay caused by the geometry of ULA can be expressed

us d(tafmte the_foqget_tllr;]g fatcr;[fo as t?t.e m}yertse of the t;me as a phase shift. Therefore, theh element of the steering
constant. (f = ;). Then, the forgetting factor ranges from vector of the antenna array is given byl@ —1)27dsin ¢«

0to 1 and it represents the percentage of how much We'g%hered andqy, , are the distance between antennas given in

:Efoierr\]/ eS tg"i‘["; ]r?gérk;L@r;:*r[S]m('el'r?IeO;anaZcoh?(:Ceesi\éeer?)%it wavelengths of the signal and the angle of departure ditthe
delaygp:rforl;nance when the forgetting factor approadhes subpath of theith user, respectively. We denote the channel
In this case, the PFS approaches thend robin scheduler vector for usew ashy[n] = [hx[n], haslnl, .. hovslll”,

' where(e)T represents the transpose operator. Then, assuming

and no multiuser diversity can be exploited with this settin a distance between antennasict 1/2 and based on the ge-
Meanwhile, when the forgetting factor in the PFS approachegrnetry of the ULA we can model the channel vedigiin]
0, the PFS now approaches the tyeedy schedule(GS), for userk as follows: '

thus achieving the maximum multiuser diversity of the syste

but at the expense of increased delay on the weaker users. hi[n] = Aryr - [, (3)
Hence, the degree of multiuser diversity that can be exgaoit '

from the system can be tuned with the forgetting fagtan ~ whereg,[n] € CP” whose elements are zero mean indepen-
the PFS. dent complex Gaussian random variables with variance equal

wherek*[n] refers to the user served in time sloandt. is a
time constant.

The proportional fair scheduler can be tuned to achiev
different fairness and delay performances. To this end, |



to 1/B in order to have E|h,, 1|2} = 1. Furthermore, we when considering the rest of the users we now have a multi-
have thatA 1y ;. is the transmit array steering matrix given by point-to-point link. Let us denote the beamforming vector

the Vandermonde matrix: applied at the base station, as shown in Fig. 1was] =
) . [wi[n], wan],...,wx[n]]T € CV, wherelw,[n]| € [0,1]
o sin i o i sin O s andarg (wm[n]) € [0, 2], form =1,..., N, are the power
Arer — gllocanon and phase allocation on ea_ch antemnaespec-
’ : : " tively. In order to preserve the transmit power, we must sat-
e T (M—1)sin6h1 ... g ir(M—1)sin0 5 isfy >N Jw,[n]|? = 1, i.e. the vectow[n] has unit norm.
(4)  Therefore, we then have that the received signab| for user
whereAr, , € CNV*B, k, shown in Fig. 1, reads as follows:
If hy is generated as shown in (3), then the resulting el- T
ements ofh,, x[n] are still complex Gaussian random vari- yiln] = w'[n]-hi[n] - x[n] + ng[n] (8)
ables with zero mean and unit variance. Thereforehthe, = hg[n] - x[n] + ngln], 9)
m = 1,..., N, are Rayleigh distributed with unit variance
and some correlations among them for each kser wherehy,[n] = w'[n] - hy[n] is the equivalent channel seen

Moreover, we have that the spatial transmit correlatiorPy Userk.
matrix of the channel vector of each ugeis given by:

1 4. OPPORTUNISTIC BEAMFORMING
Ck = E{hk . hZ} = E . ATX,kAll-"x,k S (CNXN, (5)
When applyingpportunistic beamformin@B) in correlated
where(e)H denotes the conjugate transpose or Hermitian opchannels, the dynamic range of the resulting equivalent-cha
erator(e)*T. This spatial correlation matri€; depends es- Nel%x[n] is larger than that of the original channéls [,
pecially on the angle spreadof the path to usek among ™ =1,..., N, foreach usek. Letus denote the random unit
where theB unresolvable paths are located. For a small anDorm vector that is applied at the base statiowasin]. Just
gle spread (§ ~ sind) and with a large number of scatter- as in the case of a single antenna at the base station, ttee user
ers located on a ring around each user terminal, the spatifiust track their equivalent chanrigl[n] and feed back to the
correlation between antennasandp, i.e. them,p element ~ base station their receivéll, [r]|* or their supported data rate

* i : Ry, [n] resulting from the beamforming vecter,p[n]. After-
E f th h k °
by{[]iqj]fhp’k} of the matrixCy, can then be approximated wards, the base station decides which user to transmit embas

on the scheduling policy. If the PFS is used, the base sta-
tion transmits to the best relative user applying,[n] at the
transmit antennas. For opportunistic beamforming to be ef-
where 3(s) denotes the Bessel function of the first kind of feCtively employedin a correlated channel, the random tseam
order zero. Wob[r] must match the distribution of the channel.
Furthermore, we assume the channel to have a temporally Since the magnitude and phase of each,of, are inde-
correlated block fading, which means thay, [n] remains pendent, then the magnitude and phase of the beamformlng
constant for time slot. As for the temporal correlation, we VECtOrwon[n] can be generated separately. Let us consider
assume a Jakes power density spectrum, which results inthe correlated channel model described in Section 3 with the

Jo (27m(p — m) dd cos (0y,)) e 12mp—m)dsin(6) = (g)

temporal auto-correlation function éf,, [n] for antennan, P, m=1,..., N being Rayleigh distributed. Then, in or-
m=1,...,N, and usek that reads as follows [14]: der to match the distribution of the channel one could geaera
Y the magnitudegwop,,|, m = 1,..., N of the vectorwgp[n]

E{hm,k[n] “hipln+ At]} = J(27faAL). (7) by taking the magnitudes of the elements of an isotropically
distributed vector. Nevertheless, we still require a distion
Here, f, and A¢ denote the normalized Doppler frequency,of the angled,,, = arg (Jwop,»|) Of the elements ofp[n].
and the difference in time slots, respectively. The normal- Taking a look at the approximation given in (6) of the el-
ized Doppler frequency is given by = % cos 3, where  ements ofCy, for small angle spread, it can be seen that the
fearrien ¥, fsiot, C, @ndg are the carrier frequency, the speedphase of the elements in each of the column€gfare mul-
of the user, the frequency of the slots, the speed of lightt, antiples of the term-2xd sin 6, which is the same per column.
the angle between the direction of the user and the path to thehis constant phase shift per column is a result of the geome-
antennan, respectively. We assume that= 0 for everyk. try of the ULA. Considering the spatial correlations onedee
The multiple antennas at the base station shown in Fig. &nly to transmit over the strongest beam to ukerThere-
will be used for beamforming rather than transmit diversity fore, only one angle of departutén] is required, to trans-
In this case, the corresponding MISO system for each usenit over one beam to each user, instead\ofindependent
can be described by an equivalent SISO system. Howeveangles [4,12]. Assuming that the distance between adjacent



antennas given in wavelengthsds= % then the allocated eigenbeamforming the users must feed back their principal

phasé),,,[n] would be given by: eigenvector to the base station. This can be done over $evera
time slots with a given feedback rate. For the users to calcu-
Om[n] = (m — 1)7wsin (0[n]), (10)  late this principal eigenvector, they first require to tracid
) estimate their channels,, x[n], m = 1,..., N, for userk.
foreach antenna, m = 1,..., N. Notice thatassuming that Tq this end, the base station must send separate pilot signal
the angle of depaturir| is uniformly distributed ovej0, 27]  on each antenna for m = 1,..., N. Once the receiving
does not lead to a uniform distribution of the an@leln], for  ysers have estimated their channels they proceed to dalcula
m =1,...,N. The fact that only one angle needs to be var4 short-termcorrelation matrixCs; ;, with the current channel
ied can explain why opportunistic beamforming performs betgnditions:
ter under correlated fading. In uncorrelated channel, oppo Cerx[n] = hy[n] - ht[n), (12)

tunistic beamforming needs to select appropiaf€lyngles , ) o
6,,[n] in order to coherently beamform a user. However infor each usek. This short-term correlation matrix is used to
m . H

a correlated channel it is easier to achieve the maximum ratgdate th? long-term correlation matix,, ;. at time slot7"
through coherent beamforming since only one angle instea@ follows: .
of N need_s to be se_lect(_ad approp_riately. The angle spread Cuiln] = 1 Z Ceri[n. (13)
used in this paper will still be considered smallfas: sin 6. T e}
Therefore, the random beams applied by opportunistic beam-

_ ] ) . Let us now assume that the base station has the principal
forming will have the structure mentioned above in (10). P P

eigenvectorvy ; for each usek. When combining eigen-
beamforming with multiuser diversity the base station must

5. OPPORTUNISTIC EIGENBEAMFORMING decide to which user to transmit based on some fed back par-
tial CSI. Even though, that for opportunistic eigenbeammfor
A transmitting scheme that efficiently makes use of the fading the individual linksh,,, x, form = 1,..., N, are required

ing correlations in point-to-point links is eigenbeamfanm  for updatingC,;, a good estimate of the individual links is
[8,9]. Eigenbeamforming takes advantage of the spatial conot required at each time slot for choosing the best user. At
relations present at the base station by tranmitting over theach time slot each user must feedback what their equivalent
strongest beam to a given user. To this end, eigenbeamforrshannelr,. from (9) would be, if they were served by trans-
ing requires partial CSI at the transmitter, which in thiseea mitting over their strongest beam with the beamforming vec-
refers to the principal eigenvector of the spatial corfetat tor wep[n] = v] ;. applied at the base station. Based on the
matrix C;, of the channel for each usér However, the re-  Karhunen-Lo&ve expansion we can write the channel vector
ceiving user can not exactly calculaf®, given by (5) and  of userk as follows:

instead dong-termcorrelation matrixC,; ;, is used as an esti-

mate. How this long-term correlation matrix is estimated wi hy — iv: i vi (14)

be described later. Let us then denote the sorted eigenvalue y — e Tk

decomposition of the correlation mati@; ;. as follows: =

where¢; ,i = 1,..., N are complex Gaussian random vari-
N ables with varianca; ;. If the beamforming vectowep, i, [n] =
Cuk = ViAL VY = Z AikVik Vi, (11) v, is applied at the transmitter then the equivalent channel

i=1 is inen from (14) as:

wherev ; is the principal eigenvector dfy, i.e. the eigen- hy, = WeTuk hy, = V?,k hy = €1 (15)

vector belonging to the largest eigenvalig, of C,; . Un-
der eigenbeamforming, the beam vectas, ,[n] applied at  In order to determiné, the receivers do not need to mea-
the transmitting base station for ugewould then bewey . [] = sure the individual linksi,,, &, form = 1,..., N. Instead,
vi - Contrary to opportunistic beamforming, in opportunis-they just need to measutg ; which represents the equiv-
tic eigenbeamforming there is a beamforming vector forgver alent channeh;, seen by usek when applyingwep [n] at
user, since each user has his own distinct principal eigenvethe base station. The equivalent chanhglis still just one
tor. By applying this power and phase allocation at the baseomplex number as in the case of opportunistic beamform-
station, the data for usdr is transmitted over the strongest ing. Moreover, the users feed back the magnitudéobr
beam available in the channel to ugerThis in average in- the supported data rafe, [n], described in Section 2, for this
creases the throughput of the point-to-pointlink undectire  channelh;. Upon reception of all the supported data rates
relations present in the channel [8, 9]. from all the users, the base station decides to which user to
In [10], it was shown how eigenbeamforming can be com+transmit by employing an opportunistic scheduler. In case
bined with multiuser diversity. We refer to this combinatio the proportional fair scheduler is employed, the basecstati
asopportunistic eigenbeamformin@EB). In opportunistic transmits to the best relative user.



Therefore, in opportunistic eigenbeamforming the chanby randomly varying a single angfeas explained at the end
nel is tracked, through the aid of the pilot signals trantdit of Section 4. Moreover, the auto-correlation among the time
from the base station, for two purposes. On the one handjots is given by a Jakes model described in (7).
these pilots are used to estimate the chanhglg[n], for Furthermore, when considering opportunistic eigenbeam-
m = 1,...,N. These individual links are required by the forming we assume that the long-term correlation matkix;,
eigenbeamforming scheme in order to calculate the short-te has been estimated over a large number of time dlots
correlation matrix which is then used to update the longater given by (13). In addition, we assume that the base station
correlation matrix from where their current principal eige has available the principal eigenvectar,, of the long-term
vector for each user is estimated. On the other hand, the chacorrelation matrix for each usér= 1,..., K. This is done
nel is also tracked in order to estimate the equivalent chlannthrough some feedback depending on how fast the channel
hi = &1 for each user under the assumption that the basehanges. However, if we assume tiaat ,[n] = Cgrx[n] at
station transmits over their strongest current beam. each time slot and that the users can feedback their principal
eigenvector at each time slot, then the base station hals avai
able instantaneous channel state information. If this és th
case the base station can perform coherent beamforming to
the best relative user. With such a theoretic case the masimu
rate can be achieved and it serves as an upper bound for op-

ortunistic eigenbeamforming. We will refer to this scheéme
he following asopportunistic coherent beamformig(@CB).

To depict the corresponding delay performance for differ-
ent degrees of multiuser diversity achieved through distin
forgetting factors in the proportional fair scheduler,ustde-
pe theoutage delayDo,: Which is related to a probability

6. COMPARISON: OB VRS OEB

6.1. Simulation Setup

To evaluate the performance of opportunistic beamformin
and opportunistic eigenbeamforming in correlated channel
with outdated feedback, let us consider the downlink of a sin
gle cell with a base station with a ULA constituted§f= 4
transmit antennas with a distande= % wavelengths be-
tween antennas and with only one antenna at each receivd
Thus, each point-to-point link constitutes a MISO system agout 8S follows:
depicted in Fig 1. Furthermore, we have the overall down-

link system represented as a point-to-multi-point link vehe
we assume there are a maximumZof= 64 users with the
same normalized Doppler frequengy and angle spread.
The carrier frecuency ig. = 2 GHz. We assume that the
channelsh,, i, for m =,1,..., N for userk are block cor-
related Rayleigh flat fading with unit variance as descriined
Section 3. Moreover, the average SNR at the received Regarding the degrees of correlation in the channel, we

and there ar@500 time slots transmitted per second. will consider angle spreads up 46°. As for the normalized

The effect of the outdated feedback is represented as foboppler frequency the maximum speed treategli&m per
lows. We consider the existence of a training phase at timggq;.

slot n where the magnitude of the equivalent chanigh)

given by (9) or (15) is meas_urgd py ugefor oppo_rtumstlc 6.2. Analysisand Results
beamforming and opportunistic eigenbeamforming, respec-
tively. The users are served through the proportional tied- In the following, the figure of merit that we will consider is
uler with different forgetting factorg. We assume no pro- the average sum throughput of the system. Furthermore, we
cessing delay and consider that the feedback required to eassume that the supported data rate or throughput foktiser
ploit the multiuser diversity by the PFS is fed back duringgiven by the Shannon equatiét[n] = log, (1 + SNRn]),

Prob{ D < Dout} = 1 — pout, (16)

wherepoy: is the outage probabilitythat a given delayD is
larger thanDg,. The delayD is given in number of time
slots. In the simulation we seb,. = 2%. Each forgetting
factor in the PFS corresponds to a certain delay performance
represented through the outage delay;.

time slotn + 1, while the actual transmission to the best rel-where SNR2] = |hx[n]|?/o2 with o2 as the variance of the
ative user is done in time slet + 2. Therefore, the equiva- noise at the receiving usérfor which we have assumed is
lent channeh[n] that is measured is based on the ;[n],  equal to unity for every user. In order to observe the gain in
while the actual channels when the selected isisrserved  multiuser diversity with increasing number of users, weehav
areh,, x[n+2],form =1,..., N. Hence, the resultinpop  plotted in Fig. 2 the average sum throughput as a function
delayis 2 slots. of the number of users for the three opportunstic schemes

In addition, the correlation matrix among the transmit an-detailed in the previous sections: opportunistic beamform
tennas is given by (5) but we use the approximation that oing (OB), opportunistic eigenbeamforming (OEB) and oppor-
each of the elements of this matrix is given by (6). This ap{unistic coherent beamforming (OCB). These results corre-
proximation is valid since we consider small angle spreadspond to a speed &5 kmph with several angle spreads. In
such thaty = siné, then the random beam used for oppor-addition, the users are served through the PFS with a forget-
tunistic beamforming will be directed only over one beamting factor of0.001.
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matches the one of opportunistic coherent beamforming. For
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| OCB PFS 6=1' each case, the maximum possible achieved performance is
I OEBPFS 5=1" || obtained through opportunistic coherent beamforming and i
) ORBPFS3=1 represented as an upper bound on the average sum through-
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put. The opportunistic eigenbeamforming scheme still out-

performs opportunistic beamforming also for differentued

of the forgetting factor. When the delay performance is con-

sidered, it can be seen that for a given outage delay, the aver
age sum throughput achieved with opportunistic eigenbeam-
forming is higher than compared to opportunistic beamform-
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il i ing. These results agree with the ones presented in [10}: Nev
i~ NN ertheless, we will now proceed to evaluate the impact of the
| ‘*‘;\gg | temporal correlations in the channel and the effect of the ou

dated feedback on the proportional fair scheduler for cffie
users’ velocities under different degrees of correlation.

When different speeds for the users are taken into account,
one must consider the effect of the outdated feedback, since
the channel that was tracked is no longer the same at the mo-
ment a user is served. It might turn out that the selected user
is no longer the best user. In Fig. 5, the effect of the out-

To evaluate the peformance of the proportional fair scheddated feedback can be observed for the different opportunis
uler under different forgetting factors, Fig. 3 depicts #e  tic schemes treated so far. The results presented in thiefigu
erage sum throughput for a set 8f = 64 users as a func- correspond to angle spread= 1° andé = 30°. In addition,
tion of the forgetting factor and Fig. 4 shows the average surPFs 1 and PFS 2 refer to the proportional fair scheduler with
throughput but now as a function of the outage defay:  a forgetting factorf = 0.001 and f = 0.002, respectively.
with a outage probability set ta,.: = 2%. Every forgetting  For low speeds, the degree of multiuser diverstiy increapes
factor from Fig. 3 translates into an outage delay in Fig. 4to a maximum value as the speed of the users increases. This
From Fig. 4, the tradeoff between multiuser diversity and decan be explained from the fact that there is a larger degree of
lay can be observed. multiuser diversity when the channel fluctuations are faste

Moreover, in each of the previous figures, Figs. 2—4, itWhen there is fast fading, the dynamic range of the chan-
can also be seen how opportunistic eigenbeamforming ounel fluctuations over the latency time scaléncreases, thus
performs opportunistic beamforming for different degreés increasing the available multiuser diversity. Notice dilsat
correlation (different angle spreads) in the channel. As ththis increase is relatively larger for OCB and OEB as com-
angle spread decreases the degree of correlation increaades pared to OB, since opportunistic beamforming is already in-
the performance of opportunistic eigenbeamforming b#lgica ducing faster channel fluctuations through the use of the ran

i i i
107 10 107 10° 10
Forgetting Factor

Fig. 3. Multiuser Diversity Gain Tradeoff: Forgetting Factors



»
N

451

—v—OCB PFS 15=1"
-¥-OCBPFS 2 5=1’
OEB PFS 1 3=1"
OEB PFS 2 5=1"
ORBPFS 151"
Ve ORB PFS 2 5=1"
f ) / IR IR ——O0CB PFS 1 6:30:
=7~ OCB PFS 2 =30
—8—OEB PFS 1 5=30"
-a- OEB PFS 2 5=30" [¥
—6—ORB PFS 1 5=30°
-0- ORB PFS 2 5=30"

—v— OCB PFS f=0.001
=v- OCB PFS f=0.002
OEB PFS f=0.001
OEB PFS f=0.002
—=— ORB PFS {=0.001
-0~ ORB PFS {=0.002

N
T
ER |

w
©
T

w
o))
T

w
«»

w
T
—
w
N
T

w
T

Average Sum Throughput (bps/Hz)
Average Sum Throughput (bps/Hz)
w
N

25
’

n
©
T

n
()}

% 0 20 30 40 s 6 70 8 0 >R erentn Denmes O 0
Speed (kmph) Angle Spread in Degrees

. Fig.6. D f C lation: A Sum Th hput Angl
Fig. 5. Outdated Feedback: Average Sum Throughput vrs Speed (gpgread egree ot Lorrelation: Average sum Throughput vis Angle

the Users

. . . ortunistic eigenbeamforming relative to opportunistain-
dom beam at the transmitter. After reaching maximum SunFormin To this end. let us define the following ratio:
throughput, the degree of multiuser diversity decreaséiseas 9: ' 9 '

speed of the users increases for all of the schemes since they Soes(6, K)

suffer from the effect of the outdated feedback and in fawt no (0, K) = W (17)
itincurs in a loss. Moreover, we have that PFS 1 outperforms ’

PFS 2 since PFS 1 has a smaller forgetting factor. where Soes and Sos are the sum throughput achieved with

In order to evaluate the degree of multiuser diversity as e PFS { = 0.001) for OEB and OB, respectively. This rel-
function of the degree of correlation, Fig. 6 depicts therave ative gain is a function of the number of users, speed of the
age sum throughput as a function of the angle spread. Thesigers and of the angle spread. For a speei &mph, Fig. 7
results correspond to a speed3sfkmph with the PFS using depicts this ratio as function of the angle spreads for wkffe
two forgetting factorsf = 0.001 and f = 0.002. As the an- number of users. It can be seen from this figure that as the
gle spread increases, the degree of correlation decreades gumber of users increase the gain of OEB over OB decreases.
so the multiuser diversity available in the system. Whenethe This can be explained as follows. As the number of users
is a fully correlated channel, all the power of the channel igncreases the probability that the random beam generated by
allocated over only one eigenmode of the channel. Howeve®B actually matches the complex conjugate of the eigenbeam
as the angle spread increases, i.e. the spatial correiation Of a certain user increases. In the limit, whEn— oo, one
the channel decreases, the condition of the spatial cerrelg§an expect that the performance of OEB is the same as that
tion matrix decreases since the power of the channel is digf OB. The multiuser diversity gain is further reduced as the
tributed over all the eigenmodes. This means that the throug correlation available in the channel decreases, i.e. tgéean
put achieved through coherent beamforming of a user witigpread increases.
full correlation would be in average larger than the through
put achieved through coherent beamforming of a user with a 7. CONCLUSION
less correlated channel. This would explain the decrease in
performance as the angle spread increases for opportunispportunistic schedulers exploit the multiuser diversityer-
eigenbeamforming, since the eigenvalue correspondirtgeto t ent in a multiuser system. Through the use of opportunistic
principal eigenvector is now smaller as compared to when thbeamforming the degree of multiuser diversity is increased
angle spread is smaller. In addition, we have that OB is outin correlated channels. Nevertheless, an efficient transmi
performed by OEB because OB does not always transmit oschemes for point-to-point correlated links can be empuloye
the strongest eigenmode of the channel as OEB does. In the achieve an even greater gain. We have shown that combin-
limit, when we have a fully uncorrelated channel, where theng eigenbeamforming with an opportunistic schedulerhsuc
condition of the spatial correlation matrix of the chanrgl i as the proportional fair scheduler, increases the degmeebf
equal tol, we would have that the performance of OB is thetiuser diversity. This concept, which we term opportuisti
same as that of OEB. eigenbeamforming, not only outperforms opportunistiahea

Furthermore, one can also analyze the performance of ofierming for different degrees of spatial correlations irhaie-
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nel, but also at different speeds of the users. Opportenisti

eigenbeamforming is more robust to outdated feedback tha

results from the speed of the users. The larger achievatyie su

throughput of opportunistic eigenbeamforming over oppor-

tunistic beamforming is a result of having more partial CSI

of each user at the base station. This partial CSI correspond

to the largest eigenvector of each user which must be fed bac
from each user. However, the feedback of this eigenbeam is
not comparable with the feedback required to exploit mul-
tiuser diversity in a TDMA system. This additional partial

[1]

(2]

(3]

[4]

[5]

[6]

I

el

CSl can be fed back at a much slower rate than the SNR feed-
back required by an opportunistic scheduler to serve a tiser a[q)

each time slot.

In addition, the existing tradeoff between the multiuser di

versity gain and the delay performance provided through dif [10]

ferent settings of the forgetting factor in the proporticia&

scheduler was also shown. For all the forgetting factors and
the corresponding values of the outage delays, opporitinist
eigenbeamforming achieves a higher average sum throughp
as compared to opporuntistic beamforming. Furthermore i

through opportunistic coherent beamforming, when the any,,,

i

was shown how opportunistic eigenbeamformer comes close
to the upper bound of the average sum throughput, achieved

gle 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 gai

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 ingreases

the perfromance of the opportunistic beamforming and oppor[1

tunistic eigenbeamforming converge.

13]
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