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Abstract— We consider a MIMO broadcast channel (BC) with sum-capacity grows only a&/ loglog K'; so for largeM and

large M and K, where M is the number of transmit antennas ', the uplink channel for CSI feedback may consume most
and K is the number of single-antenna users; and propose a of the system resources.

scalable feedback protocol that achieves the sum-capacity with In the ab Hi d sch f hievi it
limited feedback of channel state information (CSI). In our n the above mentioned schemes Tor achieving sum-capacity

earlier work, we showed that if feedback time slots correspond to Of the MIMO BC, CSI from all users is required at the
channel gains and not to users, the sum-capacity/ loglog K can base station. Consequently the amount of feedback (mehsure
be achieved with feedback resources growing only a8/log K, as total number of bits) increases linearly with thg the
unlike linearly as M K for conventional schemes. In this work, total number of users in the system: even if each user feeds

we show that feedback requirement can further be reduced by . . .
half or more, while still achieving the sum-capacity. A scalable back just one bit for CSIT. It was shown in [9], a feedback

feedback (SF) protocol using Random Beamforming (RBF) is method based on opportunistic p-persistent CSMA [10] can
proposed, which a) requires finite number of feedback slots limit the number of users who feedback to be a constant
upper bounded by a constant, b) is fully distributed, c) needs that is independent of¢ in a single antenna system. In a

finite transmission energy during feedback and d) achieves the recent result [11], we proposed SF protocols for the MIMO

sum-capacity. Numerical results show that feedback load is BC that achi th tofi it ith |
substantially reduced as compared to conventional schemes, as at achieve the asymptolic sum-capacily with only a

well as our own previous|y proposed SF scheme. f|n|te number Of users (independentb’i) feeding baCk their
CSI to the base station. To generalize proofs in [9], a new
|. INTRODUCTION method for calculating threshold was provided. In additiva

Multiple-input multiple-output (MIMO) systems have greaproposed an SF protocol with ZFBF (SF-ZFBF) which uses
potential to achieve high throughput in wireless systen}s [semi-orthogonal user selection as proposed in [8] and eehie
In a BC, multiple antennas can be easily deployed at the bésgroved sum-rate for smalk’ as compared to SF protocol
station to enhance system capacity. The capacity achievinigh random beamforming (SF-RBF). For the SF protocols in
strategy for MIMO BC's is dirty paper coding (DPC) and11], the feedback load was shown to increaselatog K,
it was shown in [2] that the sum-capacity of the MIMCQunlike asM K for conventional schemes.
BC scales asM log(log(K)), where M is the number of In this paper, a one-shot SF protocol using RBF (OSF-
transmit antennas at the base statih,s the total number RBF) is proposed that achieves sum-capacity of the MIMO
of single-antenna users in the system and each entry B with the feedback resources reduced by half or more in
the vector channel is i.i.d zero mean circularly symmetricomparison to that for the SF protocols in [11]. In order to
complex Gaussian (ZMCSCG) distributed for all the useranprove performance, a new way for the calculation of the
Thus the sum-capacity of the MIMO BC scales linearly witlhresholds is provided. Also, the SF protocol is modified to
the number of transmit antennas (multiplexing gain) ang onteduce control signal overheads by a factoridf which is
as log(log(K)) with the number of users (diversity gain).substantial when along witk’, M too is large. The proposed
Although the sum-capacity of DPC with perfect CSIT can b®SF-RBF protocol retains the optimality properties of the
approached by Tomlinson Harashima precoding [3], its largeeviously proposed SF protocols [11]. Specifically, ithewn
computational complexity hinders its application in preet analytically that a) the expected number of feedback skots i
Recently, a number of techniques have been proposed [#jependent ofK and bounded above by a small constant
[5], [6], which are much simpler than dirty paper codingvhich is a design parameter, b) the energy consumptionglurin
in terms of transmit complexity and still achieve the samgSl feedback is independent & as well and bounded by
O(M log(log(K)) asymptotic sum-capacity although they rea small constant and c) the asymptotic sum-capacity of the
quire perfect CSIT as well. If the feedback link has limitedMIMO BC is achieved. Besides asymptotic optimality in the
rate, it was shown in [7] that feeding back only one bit peruseegime of largek, interesting tradeoffs between ttaetual
per transmit antenna is asymptotically optimal for achigvi values of the three objectives a), b) and c) are also pointéd o
sum-capacity. Also, for ZFBF, it was shown in [8] that only dor the benefit of a system designer. Numerical results show
finite number of bits per user achieves sum-capacity. Howevthat the proposed OSF-RBF protocol achieves the asymptotic
in all the schemes, all users feedback their channel, hersten-rate capacit®) (M log(log(K)) with very little feedback
feedback requirement grows linearly with bathand /. The resources.



Notation: E denotes statistical expectatiof{S} denotes Data Period Broadcast data
the probability of an even{S}. C**¥ denotes the matrix of

dimensionz x y and with entries being complex numbers. Initiate feedback,
|lx|| denotes theé?-norm of a vectorx. f = O(¢) means that Broadcast (K;s)
|f| < A¢ for some constantl and for alln with a sequence 1 1
fn- x, UID(),BID(n) | slot 1
. UID@), BID(m) L
Il. BROADCAST CHANNEL MODEL i % (. BID(m) slot 2

Collision

; ; ; T X,, UID(k), Bl T
We consider a MIMO broadcast channel with transmit Feedhaﬁk ‘__,JIK’—UJ——D(E)‘ slot 3

antennas at the base station &id> M users. For simplicity, Period T :

we assume users with single receive antenna. We assum - T slot 4
users are homogenous and experience flat Rayleigh fading 1 _ T

The signal received by a usércan be represented as k T slot 5

vo=hix b, k=12 K ® | sroasem——

End feedback

where h;, € C'*M s the channel gain vector with i.i.d.  pataperiod
ZMCSCG entries. Hence, the squared-norm of the channel Broadcast data
or the channel gain is distributed @uamma(M,1) for all BS Users
the users The transmit vector is denoted by ¢ CMx!
which contains the information symbols for the chosen ysers
with an average power constraifit|x||? < P and z; is the
additive Gaussian noise with unit variance. The set of amose
users is denoted b§. To model temporal channel variationsthe chosen direction, which is used by the useo estimate
a slowly-varying block-fading channel is assumed i.e. th¥ effective SINR’s

Fig. 1. The feedback period of the OSF-RBF protocol.

channel vector is unchanged during a feedback period plus wRBF'h,
a BC packet transmission period (defined in Section Ill), and SINRy,, = % 3 n # mwRBFh,’

it changes independently of the previous channel reatizati
after a packet transmission.

The transmit Symbol vectok is related to information Wherep — % Subsequent|y1 the base station broadcasts an
symbolss;,i € S, via linear beamforminge = 5, s wis;. |nitiate Feedback message to begin the feedback period. The
Therefore, the received symbol at one of the chosen users ¢8| number of userds and the non-collision probability
be written as are also attached to this message for the users to calchéate t

thresholdsT;,7 = 1,..., N. The relationship betweeh; and

v = (hewp) si + 4 Z (hiw;)sj+ 2, k€S (2) K, s will be discussed later in this section? If no user sends a

e8Ik feedback message in a slot, the feedback period continues ti

The user sef is chosen to maximize the sum-rate as describéige base station receives CSI from a user successfully,evher
in Section IV. success happens when there is no collision. At slaany
userk compares its channel gain SINR,Vm =1,...,M
I11. FEEDBACK PROTOCOL with the thresholdsT; and 7;_;. If T; < SINR,,, < T;_1

This section proposes a feedback protocol, which will J&8" any m, then userk transmits its CSlry in slot i. The
shown in the next section to maintain the amount of feedbafe! ©x iS the unique user ID along with the beam number
a constant and to achieve the asymptotic sum-rate capacit§fo’ Which the number of bits needed will heg, (M K)). If

The operation of the OSF-RBF protocol is shown in Figurv0 Users,j andk, are such tha; < SINR; ., SINRy,, <
1. T;_1 for any two beam directions:, n, then their feedback

The uplink feedback channel is divided into short slots. A[l€Ssages will coliide. These collided messages are assume:
the users are synchronized to the base station such that Shy’€ Irécoverable for simplicity of the strategy, althbug
feedback transmission initiates precisely at the begmmif the base station may decode both their messages by standar
a slot. Slot duration is long enough to transmit one useMAC decoding strategies like successive cancelation. Iy on

CSl oy, k = 1.2 K without packet errors. The base®N€ USer transmits a feedback message in sldhe base

station chooses/ random orthonormal directionsR8F, m = station decodes; successfully. The base station waits to

1,2,..., M from an isotropic distribution as proposed in [4].SUCCeSSfUIIy recieve a user for each beam= 1,...,M

It then broadcasts a training sequence with pilots in each d thereby t_Jroad(_:asts &nd Feedback_message FO stop the
feedback period. Finally the base station transmits datheo

INorm-squared of each entry of the channel vector is expomigntiis- S€le€cted users with a capacity achieving code and transmit
tributed and sum of exponential random variables isGaenma distribution. beamforming using the same randomly selectédbeams.

E o=1,...,K,m=1,...,.M A3)



Analysis that the SF-RBF protocol achieves the asymptospent by the users during the feedback period. Also, the sum-
sum-capacity is done in Section V. rate proof is given for any general distribution for the ahan
Notice that the SINR values used for calculation of trangmin (or effective SINR as the case may be depending upon
mission rate at the base station dewhereT; < SINR; ,,, < SF-RBF or SF-ZFBF is used)-(y). The M log log(K) result
T;—;1 as the actual SINR value (unquantized or quantized) fisllows when Fr(v) is the distribution derived in [4] for
not transmitted. If the probability of collisions reduces@ SINR?.
exponentially with KM, the SF protocol 1) selects the user Since each user compares its SINR for any of Mefor
with the highest channel gain, 2) with its channel gain knowmansmission in a feedback slot, effectively we hakie\/
to a high accuracy, in an autonomous and distributed manngsers each with an SINR value. Hence on in this section,
Though proved rigorously in Section 1V, it can be noticed thave will assume that there ai& M effective users each with
if the number of thresholds (denoted BY) is large, both 1) an SINR value. Since the users have independent fading, the
and 2) are achieved. probability that any user transmits in a given feedback sist
If the distribution function for the SINR values (same fop. Hence, by binomial probability, the probability that agim
all users since homogenous fading) is given ly(y), then user transmits in the first feedback slot is
the probability that a user transmits its feedback message i KM-1
the ith slot for any of theM beams is given as r=KMpg ()
) In case more than one user transmits or no user transmits,
P{Ti <y <Tica} = Fo(Ti) = Fr(T), =12, ’(JX) the SF protocol proceeds to the second feedback slot. This
pappens with probabilityl — ). Now in the second feedback
slot, a single user transmits with the same probabilitf no
user transmitted in the previous slot or with a lower proliigbi
(KM — ny)pgEM=m1)-1"wheren;, > 2 users transmitted
in the first feedback slot. As shown later in the section, for
PT <o} =1-Fp(Th) =p ©) the choice ofg = s'/(KM)  the probability that two or more
and so the transmission threshold for any glig given as  users transmit in a single slot goes to 0 exponentiallyKih/,
-1 Ly wheres ~ 1. So we assume that the number of users remains
Ti=F (1-ip)i=12... N 6) the same after a feedback slot in the rest of this section.
It is easy to see thaV = 3. Under this assumption (valid foKK M large), the number
In [11], the SF protocol using Random beamforming wasf feedback slots till successful reception is geometycal
presented as ad/ fold extension of the SF protocol fordistributed with probability-. The feedback slot is terminated
the single-antenna case. Specifically, the feedback pevasd after M/ successes. Although, the success have to be unique,
divided into M sub-feedback periods. Each sub-feedbacks in a success corresponding to each baénfor the sake
period corresponded to a particular beam = 1,...,M. of analysis we assume that the fifst successes is the same
During a sub-feedback period, the users transmitted jest thas firstA/ unique successes, which holds fairly true when the
unigue ID ase,, or the CSIT. During a particular sub-feedbaclSINR’s are i.i.d. distributed. Numerical results presenie
period (say corresponding i@ = 3), the users compared justSection V corroborate this fact. Using the union bound for
the values of SINR3 against the thresholds; and7;_; and probability, the expected value of required feedback stats
decided to transmit;, or not. The one-shot SF protocol, orthen be given as

To maintain the probability that a user transmits a feedba
message for any beam in any slot tojheve requireP{T; <

v < T;—1} = p,Vi. The transmission probability at thist
slot is

the other hand, has a single feedback period thus reducing E[S] < Ml -r (8)
the control overhead of coordinatingy feedback periods a r
lot when M is large. When the number of usefS is large, Now using the fact that = ¢/, we can upper-boung[S] as
the maximum values of SINR,, will be close-by for allm; 1
and hence not just the control overhead, the actual number of E[S] < Mm 9)

feedback slots till success are also reduced. The number of
bits required forz;, however increases frotog, (K) in [11] where the details of the steps can be found in [11]. Thus we
to log, (K M). Since K > M, this increase is negligible. Thehave shown that the expected number of feedback slots is
performance improvement of the OSF-RBF protocol over Sfpper bounded by a finite number independenfof

protocols in [11] is shown in Section V. Using the union bound argument, the proofs in [11] for the
asymptotic sum-rate optimality and for showing tlafi/'] <
IV. PERFORMANCEANALYSIS M can be arrived at in a straight forward manner and so are

In this section, the achievable sum-rate and the amountsiipped for avoiding repetition and conciseness.
required feedback resources are analyzed. The consumptioNotice thatE[M’] is less tharE[S] ass < 1. This happens
of feedback resources is measured by the expected numierause; (the probability of no transmission) goes to 1 as
of slots per feedback period[S]) and the expected numberK — oo and so slots with no transmission are more frequent
of feedback messages transmitted during a feedback period
(E[M’]). Notice thatE[M'] is representative of the total energy 2The CDF of SINR in [4] was derived to bEREF(v) =1 — %



as we want the probability that two or more users transniidss of the OSF-RBF-Modl and OSF-RBF-Mod2 protocols
in a single slot to go to 0 exponentially iK' M. Due to in comparison to the OSF-RBF protocol. The sum-capacity
this, when the user with the highest SINR for any m, asymptoteM loglog(K) is also plotted and as seen all the

transmits in a feedback slot, there is no collision with highchemes achieve asymptotic sum-capacity.

probability and the SF protocols in [11] perform the same as
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a scheme with perfect CSIT. Thus, by keepingery high, = Peres o
although we get high sum-rate and Id@{M’], due to the "5 OSF-RBF-Mod1
large number of idle slotdE[S] goes up. In a sense this is s e M

over-partitioning of the SINR pdf as we are fine with empty
slots but do not want slots with two or more users. Based on
this observation, the expected number of feedback slots can
be reduced in comparison to OSF-RBF. For this we consider
a scheme wher& M is replaced byK during the calculation
of g i.e. ¢ = s'/¥ instead ofg = s'/5M_ This decreases the ,
expected number of feedback slots required by reducing the =10
idle slots, at the same time increasing the chances of two or
more users in a single slot. The proof for boundedneds 6f
andE[M’] and for sum-rate optimality still continue to hold
as s is fixed; though the actual value &S] is considerably S22  2a 26 28 3 8z a4 36 38 4
reduced as seen in Section V. « xof
The over-partitioning of the SINR pdf can also be avoide
by maximizing » for given K, M. Specifically, each user
computesp as

Sum-Rate (bits per symbol)
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Iglg. 2. Sum-rate comparison of the proposed OSF-RBF protéaol&/=10.

In Figure 3, we plotlog, (M K)E[S] or the required feed-
p = arg max (K M)z(1 — z)KM=1 (10) back resources for the proposed OSF-RBF protocols as func-
=€[0.1] tion of the number of userd( for s = 0.95, P = 10dB
and theng = 1 — p. Firstly, in this case, thénitiate Feedback and A/ = 10 normalized byM. The growth rate of feedback
message just needs to carfy and there is nos. Also, the resources for conventional schemes (linearly\a&’) and for
probability of success or a single user transmitting in alfeethe SF-RBF in [11] (as// log, (K )E[S]) is also plotted for the
back slot is explicitly maximized; hence the expected numbgake of comparison, all normalized By. As seen the OSF-
of feedback slots till\/ successes is reduced. UnfortunatefRBF-Mod1 scheme performs the best in terms of feedback
this scheme is hard to analyze and only numerical results feduction, closely followed by the OSF-RBF-Mod2 scheme.
it are presented in Section V. Thus we see that the proposed OSF-RBF protocol reduces
In the next section, we refer to these two heuristic schemiéte amount of feedback required substantially as compared t
as OSF-RBF-Mod1 and OSF-RBF-Mod2 respectively, wheg@nventional schemes and by more than 50% as compared tc
Mod stands for modified. Also, in our efforts to reduce theur own previously proposed SF-RBF scheme in [11].
expected number of feedback slots by reducing the idle,slots i

we pay the price of a higheE[M’] and a lower sum-rate. ’ = SEREE
This is because now the slots with two or more transmissions ’\/\1 OSF-Rermod1 2
will increase leading to comparatively more collisionse$h

design trade-offs are important for actual system implemen

tation and one or the other solution can be preferred by the
designer.

w
S
1S}
S

2500

2000~ M=10

Each point is averaged over 100 independent channel realizations
The feedback load for conventional schemes increases linearly in K,
so could not fit in the plot

V. NUMERICAL RESULTS

1500

In this section, numerical results are presented. In Figure
2, we plot the sum-rate performance of the proposed OSF-
RBF protocols as function of the number of uséks for
s = 095, P = 10dB and M = 10. We compare the
performance of the SF-RBF protocol with that of the RBF with = + v
unquantized SINR feedback from all the users as proposed % 22 24 25 28 3 32 34 a6 38 4
in [4]. It is seen that the OSF-RBF protocols lose very little
performance in terms of sum-rate by just the user and bega® 3. Feedback resource comparison of the proposed OSFgRBECOlS
ID feedback. The performance loss in comparison to the Sbr M=10.

RBF protocol in [11], which required/ times more control
overhead, is also negligible. Also visible is the perforcen In Figure 4, we plot the required feedback resources for
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the proposed OSF-RBF protocols as function of the number
of transmit antennad/ for s = 0.95, P = 10dB and K =
20, 000. For the SF-RBF protocol in [11]JE[S] normalized
by M is a constant close to{-— as expected Of[S]
grows linearly withM. The OSF-RBF-Mod1 scheme reduces
E[S] considerably at the cost of increasiiij//’]. Also, as
M increases, we have more effective users K M) within
any feedback slot because for the OSF-RBF-Mod1 scheme,
thresholds are a function df only. Hence the number of idle
slots decreases a¥ increases, resulting in decreasifi§)S]
and increasing[M’]. Hence, the feedback resources for the
OSF-RBF-Mod1 protocol grows sub-linearly thaflog, (K).
The OSF-RBF-Mod2 scheme redud&sS] substantially in the
comparison of SF-RBF and OSF-RBF-Mod1 at the price of
further increase ifE[M’] by an explicit maximization ofr.
Also, naotice the design tradeoff. Moving from SF-RBF to
OSF-RBF-Mod1 to OSF-RBF-Mod2, we see tHalS] can
be reduced more and more at the price of increadify’|
(and reduced sum-rate as seen in Figure 2).

of

T
~6~ E[SJM —— SF-RBF
-5 E[SJ/M - OSF-RBF-Mod1

© E[M)M -- SF-RBF
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I R

|_K=[500 1000 1500 2000 5000 10000 20000] .
Each point is an average over 100 independent channel realizations
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Fig. 5. Independence of feedback resource w.r.tto

slots and power consumptions) normalized by, the

number of transmit antennas, is shown to reduce wifh
o ElSIM - OSF—Rar—Mad2 The feedback amount is also always less than a constant

N S B independent of the number of uséts Although the proposed
protocols achieve asymptotic sum-rate optimality, inééng

N
a
T

I

design tradeoffs between the actual values of various desig
objectives - sum-rate, feedback slots and power consumptio
during feedback were discussed and OSF-RBF protocols that
achieve them were proposed. Numerically, it was shown that

E[SJ/M and E[MJM

i
S

| K=20,000 j the
Each point is an average over 100 independent channel realizations

pro

(1]
[2

Fig. 4. Feedback resource comparison of the proposed OSFpRBé&cols
for K=20,000. [3]

[4]
In Figure 5, we plot the required feedback resources for the
proposed OSF-RBF protocols as functionMdffor s = 0.95, 5
P = 10dB andK increasing with)M at a rate faster thaa'/,
so that RBF scheme is sum-rate optimal [4]. Specifically fof8]
M ={4,56,7 8,9 1p K = {500, 1000, 1500, 2000, 7
5000, 10000, 20000 respectively. By a comparison of the
figures 4 and 5, we see that the feedback resources for all tHé
SF protocols is independent &f. (9]
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VIlI. CONCLUSION

This paper describes one-shot scalable feedback protocols
which is shown to asymptotically achieve the MIMO-BC sum-
capacity while the amount of feedback (the expected number

proposed OSF-RBF protocol can reduce the required

feedback resources by 50% or more as compared to SF-RBF

tocol in [11].
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