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Abstract—1In this paper, a single-input single-output (SISO)
downlink channel with K users is analyzed in the presence of
Rayleigh flat fading. A limited channel state information (CSI)
feedback scheme is considered, where only an outdated 1-bit
feedback per user is available at the base station for each fading
block. A closed-form expression for the achievable ergodic sum-
rate of the 1-bit feedback scheme is presented for any number of
users, as a function of the fading temporal correlation coefficient,
the threshold of the 1-bit CSI quantizer and the SNR. It is proved
that the sum-rate scales with increasing number of users as
loglog K, which is the same scaling law achieved by the optimal
non-delayed full CSI feedback scheme. In addition, the sum-rate
degradation due to outdated CSI is evaluated in the asymptotic
regimes of either large X or low SNR.

I. INTRODUCTION

Multiuser diversity capitalizes on independent fading chan-
nels across different users in order to enhance the throughput
in the downlink/uplink of a cellular system. Serving the user
with the best instantaneous channel quality, has been proved
to be optimal in terms of ergodic sum-rate for both the uplink
[1] and for the downlink [2]. However, it requires all users to
feed back their instantaneous channel state information (CSI)
to the transmitter. In [3], it is shown that, given this optimal
scheduling, the ergodic sum-rate capacity of the downlink
Rayleigh fading channel scales as loglog K with the number
of users K.

There are two problems inherent in the optimal scheduling
discussed above: 1) the large amount of required feedback, and
2) the feedback delay that may cause the CSI fed back to the
base station to be outdated. In order to reduce the feedback
load, various schemes have been proposed. A common ap-
proach prescribes feedback of a quantized version of the CSI
[4]. Recently, a 1-bit feedback scheme was proposed (without
considering feedback delay) in [5], and was further analyzed
in [6]. According to this scheme, for each fading block, users
with channel power exceeding a given predetermined threshold
feed back the bit “1”, otherwise they indicate “0” to the base
station. The base station randomly chooses one among the
users with feedback bit “1” for data transmission with power
P. When there is no user signaling a channel gain larger than
the threshold, the transmitter keeps silent for one block period.
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It has been proved that the 1-bit feedback scheme suffers from
a negligible loss of multiuser diversity gain as compared to the
full CSI feedback scheme. In particular, the optimal scaling
law of loglog K is preserved [6].

In a realistic situation, it is impossible for the scheduler
at the base station to access the instantaneous (and possibly
quantized) CSI of each user. In fact, channel feedback infor-
mation may become outdated if the fading channel is changing
rapidly. This leads to a degradation of the system sum-rate. For
instance, in case of full CSI feedback, the “best” user may no
longer be the “best” after a feedback delay. In [7], the impact
of outdated CSI is studied for a selective feedback scheme
where only the users with the best channel conditions (i.e.
above a given threshold) feed back their full CSI. A closed-
form expression for the sum-rate as a function of the fading
temporal correlation p is therein derived.

In this paper, we focus on the study of the achievable
ergodic sum-rate of broadcast channels with outdated 1-bit
feedback per user per fading block. By outdated, we mean
that a delay occurs between the time of the measurement of
the channel at the user side and that of the scheduling at the
base station. The system setup is similar to [5] and [6], except
that we account for the CSI feedback delay. Previous results
of [5], [6] are obtained as a special case of the current work,
when the temporal channel correlation coefficient is p = 1.
We first derive the achievable ergodic sum-rate for the 1-bit
feedback scheme with delay (Sec. III). Next, by exploiting
a lower bound of the rate, we show that with outdated 1-bit
feedback per fading block for each user, the achievable sum-
rate demonstrates the same growth rate of log log K as the full
CSI feedback scheme, with a carefully selected threshold. We
also quantify the sum-rate degradation due to outdated CSI in
the asymptotic regimes of either large K or small SNR [8].

II. SYSTEM MODEL

We consider a single antenna base station that transmits
to K single-antenna receivers in a broadcast channel. Users
are assumed to be homogeneous and experience independent
“block” Rayleigh flat fading. Accordingly, the fading processes
are independent among different users, and the block duration
is sufficiently small so as to guarantee that the fading gains
remain constant during one block and change from block to



block. A discrete time baseband representation of the channel
is mathematically described as

yr(t) = hi(t)z(t) + nk(t), k=1,...

where hy(t) ~ CN(0,1) is the channel fading coefficient of
user k, ng(t) ~ CN(0,1) is complex Gaussian noise with
unit variance and assumed statistically independent among
different users.

We assume that each user is aware of its own fading power
level v?(t) = |hg(t)|? based on a perfect channel estimation
at time ¢, and compares it with a prescribed threshold «. If
the received power vi(t) is larger than the threshold «, the
user feeds back a single bit of “1” through a reliable uplink
channel for the current fading block. Otherwise it feeds back
a single bit of “0” for the current fading block. At time ¢ 4 T,
the base station receives all the feedback bits and randomly
chooses one of the users with feedback bit “1” for transmission
with power P. In case no user has fed back a “1” bit, the
base station keeps silent for the current block. With the above
scheduling mechanism, the transmitted signal x is a zero mean
complex Gaussian random variable with power P (E[|x|?] =
P), when at least one user has fading power level larger than
the threshold «; it reads x = 0 when all the feedback bits are
Zeros.

During the delay 7 between perfect channel estimation
and scheduling decision, the state of the channel chosen for
transmission is subject to change. We denote as p the temporal
channel correlation coefficient between the channels at time ¢
and t + 7. As an example, the temporal channel correlation
p can be related to the delay 7 through Jake’s model [9] as
p = Jo(2wfp|T|), where Jy is the zero-order Bessel function
of the first kind, and fp is the Doppler Spread. In this
paper, we assume that the transmitter has knowledge about
p, through, e.g., estimation of the Doppler spread.
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III. ACHIEVABLE SUM-RATE OF THE 1-BIT FEEDBACK
SCHEME

The main goal of this section is to derive the achievable
ergodic sum-rate of the 1-bit feedback scheme described in
Sec. II in presence of feedback delay.

Proposition 1 The achievable ergodic sum-rate of the
1-bit feedback scheme with power P, K users, temporal
channel correlation coefficient p, and arbitrary threshold «,
is given by'

R(a,p, P) = (1 -(1- e*a)K) /000 log(1 + 22P)2z

2 V2p V2a
z°4a d
a Ql(\/l—pzz’\/l—f) -
(2

where Q1(a,b) = [, zexp (7#) Iy(ax)dx is the first-
order Marcum-Q function.

I'A natural logarithmic base is used throughout this paper.

Proof: According to [6], at any fading block, either one
or no user is selected for transmission, and long codewords
(spanning multiple fading blocks) are chosen from a Gaussian
code book. The achievable ergodic sum-rate is the product
of two terms: (i) the probability that at least one user is
qualified to be chosen for transmission and (ii) the ergodic
sum-rate for the chosen users over the fading blocks selected
for transmission:

R(a, p, P) = Pr(N > 0)E[log(1 +v2P)[v? > a],  (3)

where we have dropped the subscript k£ due to the statistical
equivalence of different users and denoted v = v(¢) and v, =
v(t 4+ 7) (i.e., channel envelopes at the channel estimate and
scheduling decision time instants, respectively).

The probability that at least one user is qualified to be
chosen for transmission is

Pr(N>0) = 1-Pr(N=0)=1-(Pr(®<a))”
= 1-(1—e )", &)
where N is the number of users with channel power gain v>
above the threshold .

In order to calculate the ergodic sum-rate for the chosen
user over the fading blocks, we need the probability density
function (pdf) of v, given the condition v?> > a. We start
from the cumulative distribution function (cdf) of v, given
the condition v? > a,

Pr(v, < z,v > /a)
Pr(v > a)

B fOZ dUT f;‘% f(’UT, 'U)d’U (5)
N f;% 2ue—v*dv ’

va(z|1)2 >a) =

where f(v,,v) = fﬁ—’;e_(”f*”z)/(l‘ﬁ)lo(zl”_”—;;’) is the joint
pdf of two correlated Rayleigh random variables [10]. By
taking the derivative of (5) with respect to z, we achieve the
conditional pdf as

0 4zw e*(22+v2)/(17p2)]0( 2pzv )dv
fo. (z|112 > a) = f\/a 1=p? 1=

= 226722+QQ1 (

ea
V2p V2«
Vi-p? ' 1-p2)

(6)

Substituting (4) and (6) into (2) completes the proof |

IV. ASYMPTOTIC ANALYSIS

To gain insight into the impact of delay on the achievable
ergodic sum-rate of the 1-bit feedback scheme, it is convenient
to derive upper and lower bounds on (2). An upper bound of
the rate is directly derived by using Jensen’s inequality on (2),

Rup(osp, P) = (1= (1= ™) Y1og (14 P (14 p%)) . (D)



On the other hand, a lower bound is obtained as (see Appendix
A for derivation)

Riw(a,p, P) = (1 ~(1- e*a)K) log (1 + aP)
{1+Q1< pV2a V2a )
VI=p? J1-p?
( V2a  pV2a )} ®
S i

Exploiting the lower bound (8), the scaling law of the 1-bit
feedback scheme with respect to the number of users K can
be found as follows.

Proposition 2 For any finite power P and positive channel
correlation coefficient 0 < p < 1, with increasing number of
users K, the 1-bit feedback scheme achieves the same growth
rate as the full CSI feedback scheme

R(ao(K)vpv P)

=1 9
loglog K ’ ©)

K—oo
where «,(K) is the optimal threshold that maximizes
R(a, p, P) for given K.

Proof: The lower bound (8) suggests that, in order to get a
multiuser diversity gain of O(log K') and to make the pre-log
term close to 1, a “good” choice of the threshold is oy, (K) =
log K — 6, where 9§ is a positive constant smaller than log K.
In fact, with this choice of threshold (we term it sub-optimal
threshold), we have

. —an K\ e
Jim_ (—(l—e ) )_1 e (10)
a=a(K)
and, as proved in Appendix B,
V2 \/
i 1+Q1< 6432 h>
a= aso(K) 1 N 1 N
V2« p\/2a _ an
*1 = — .
From (8), (10) and (11), it follows that
W K),p, P -
lim Biow (050 (K), p, P) —1—e°. (12)
K—o0 loglog K

Since § can be chosen any arbitrary large number (after taking
K to infinity), the ratio in (12) goes to 1. Therefore, since a
sub-optimal threshold preserves the scaling law of loglog K,
the 1-bit feedback scheme guarantees the same growth rate
as the full CSI feedback scheme with an optimal threshold
a,(K), thus completing the proof. |

Another interesting asymptotic result comes from the upper
bound on the achievable ergodic sum-rate of the 1-bit feedback
scheme (7). With large number of users K and optimal

threshold «,(K), we have

Jim Rp(ao(K),p,P) = lim_ (1 (1~ eao<K>>K>
xlog (1+ P (14 pao(K))) .
(13)

Since it has been shown in the proof of Proposition 1
that there exists a suboptimal threshold ay,(K) such that
thHw<1—(L—€ﬂMKnK
the same condition holds with an optimal threshold a,(K).
Therefore,

= 1, it is apparent that

lim Ryp(ao(K),p, P) =~

4 log Pao(K) + 2log p. (14)

The approximation comes from the fact that in order to get a
multiuser diversity of loglog K, the optimal threshold «,(K)
is of O(log K), and log(1 + z) ~ logx, for z > 1.

The first term in (14), log P, (K), is the optimized asymp-
totic rate with large number of users for the 1-bit feedback
scheme without delay [6]. Therefore, the second term 2log p
provides a bound on the sum-rate degradation due to feedback
delay in the asymptotic regime of large K. In Sec. VI, it
will be shown via numerical results that this bound is in fact
an accurate prediction of the real sum-rate degradation for
K> 1.

V. Low-SNR CHARACTERIZATION

In this section we study the sum-rate of broadcast channels
with outdated 1-bit feedback and operating in a power-limited
(or wideband) regime. This regime is characterized by low
SNR and low spectral efficiency. In [8] it is shown that
in order to characterize the spectral efficiency in the low
SNR regime, two parameters should be considered: (i) the
minimum signal energy-per-information bit Eb . required for
reliable communication; (ii) the spectral efﬁc{glrlllcy slope So,

also referred to as wideband slope, as a function of & 0, at
f[g in Thus a linear approximation of the spectral efficiency
Versus % in this regime is”
E S E E
R@mmb)go<b = >. (15)
Ny 3dB \ No |4 No min | 4B

In this section, we study the performance of the 1-bit
feedback scheme in the Wideband limit by deriving closed-
form expressions for both No and Sp. An asymptotic
analysis of the two parameters "With large number of users
K and a sub-optimal threshold «y, is also presented.

From [8], the minimum energy per bit required for reliable
communication %Zmin depends on the first order derivative
of the sum-rate with respect to the SNR P, evaluated at

2Following [8], the notation R is introduced so as to denote the sum-rate
as a function of E— . This notion is related to the sum-rate of R as a function

of the SNR P, through R($2) = R(P) and P = R(P) 3.



P = 0. Using (2), and with the help of integration from [10,
Eq.(B.28)], we have

Eb o log 2
NO min 781%(;}5)’13) P=0

_ log 2
T Oa-enmnarsa 0

The spectral efficiency slope Sy is a function of both the first
order and the second order derivatives of the sum-rate:

2
OR(0,p,P)
2 (25)
_ 92R(a,p,P)

P2
P=0

(1-(1—e 5 (14 p*a)?
14 2ap? — ap* + $a2p!

a7)

Using the results in (16) (17), we can quantify the sum-rate
degradation due to the feedback delay in the asymptotic regime
of low SNR for any number of users by means of (15).

To further analyze the above results (16) (17), we consider
the asymptotic scenario with large number of users K and a
sub-optimal threshold o, (K) = log K — ¢ (this sub-optimal
threshold guarantees the asymptotic optimality of the scaling
law, as proved in Proposition 2). From (16) and (17), we have
forp>0and K > 1

Ey log 2
—

— —_— 18
NOmin p2 IOgK7 ( )

and

S() — 2. (19)
Substituting these results in (15), we obtain a linear approxi-
mation of the sum-rate versus f,b in the wideband regime with
large number of users

Eb) 2 (B
Ny’ ~ 3dB \ N

IIZ

R(a, p,

1
—10log ) )
B 10 p2log KK

It is known that for reliable communication over a
fading channel W1th no CSI at the transmit side is log2 =
—1.59dB. With 1-bit CSI feedback, a large number of users
K and a temporal channel correlation coefficient p > 0,
the denominator in (18) shows a multiuser diversity gain of
p?log K. With increasing p, this leads to a decreasing required
f[b for reliable communication. Regarding the spectral
efﬁc1ency slope Sy, it can be obtained from (17) that it equals
1 when the temporal channel correlation coefficient is p = 0.
This result coincides with the case of perfect receiver side
information but with no CSI at the transmitter described in
[8]. When p > 0, the asymptotic spectral efficiency slope (19)
equals 2 as for an AWGN channel [8].
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Fig. 1. Sum-rate R versus the number of users K for the 1-bit feedback
scheme with different channel temporal correlation p and optimal threshold
ao(K). Sum-rate with non-delayed full CSI, no CSI, and 1-bit feedback
without delay, are also shown for reference (P = 20dB).

VI. NUMERICAL RESULTS

Figure 1 shows the achievable ergodic sum-rate of the
1-bit feedback scheme versus the number of users K for
different values of the channel temporal correlation coefficient
p, with optimal threshold a,(K) and SNR P = 20 dB. The
ergodic sum-rate with non-delayed full CSI, no CSI, and 1-bit
feedback without delay, are also shown for reference. It can be
seen that the 1-bit feedback scheme shows the same scaling
law of the sum-rate with large number of users, for different
channel correlation coefficients, but suffers a rate degradation
that is well quantified by 2log p as derived in Sec. IV.
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Fig. 2. Sum-rate of the 1-bit feedback scheme in low SNR regime (solid
line) and its wideband approximation (15) for different channel temporal
correlation p (dashed line). Sum-rate with non-delayed full CSI, no CSI, and
1-bit feedback without delay, are also shown for reference (K = 100).

Figure 2 shows the sum-rate of the 1-bit feedback scheme
as a function of Ej /Ny, and its wideband approximation (15)



according to (16) and (17), for different channel temporal
correlation coefficients p, with optimal threshold «,(K) and
finite number of users K = 100. Spectral efficiencies and
their linear approximations with non-delayed full CSI, no CSI,
and 1-bit feedback without delay at low SNR regime, are also
shown for reference. It is seen that there is a multiuser diversity
gain in terms of Ey, /Ny . between the 1-bit feedback scheme
with different temporal channel correlation coefficients and
the no CSI feedback scheme. This can be quantified as
101log,(p?*log K)dB when the number of users K is large
(see (18)). The spectral efficiency slope increases from 1,
which corresponds to the no CSI feedback case, to Sy = 2,
which equals to the spectral efficiency slope of a Gaussian
channel [8].

VII. CONCLUDING REMARKS

In this work we have investigated the sum-rate of a SISO
broadcast channel with 1-bit feedback in presence of feedback
delays. A closed-form expression of the achievable ergodic
sum-rate, which holds for any number of users, temporal
channel correlation coefficient and threshold, has been derived,
along with simple upper and lower bounds. We have also
shown that, not only reducing the CSI feedback to 1 bit, but
also considering the feedback delay, does not affect the scaling
law of the sum-rate. Finally, the feedback delay yields a sum-
rate degradation which has been quantified for both cases of
large number of users and low SNR.

APPENDIX
A. Derivation of (8):

Starting from (2), since the integrand is positive, we replace
the lower limit of integration with /c, obtaining the following
lower bound

BopP) = (1=(0=)%) [ Closi+ 2P

V2 V2
VI=p2 102

dz.

2
xe TR,

21

Then, the integration variable z in the increasing function of
log is replaced by the lower limit of the integration in (21),
yielding the strict lower bound

(1-(1- e*a)K) log(1 + aP) /OO 2z

V2p V2a

R(a,p, P) >

><e_22+°‘Q1 \/1 — p2z, \/1 — dz
= (1 -(1- e_o‘)K) log (14 aP)
1+ pV2a ; V2a
VI=p V1I=p?
o, V2o pV2a
= Riw(a,p, P). (22)

The first equality in (22) follows from Eq.(B.18) of [10].

B. Proof of (11):

As b — 00, using the asymptotic form of the zero-order
modified Bessel function of the first kind, @1 (a,b) can be
approximated as [11, Eq.(A-27)]

/°° < %+ a2) exp(ax) )
zrexp | — x
b P 2 V2max

Ql(aab) =

= \/E\/;Tr booexp(—(x;a)Q) dx
= \/E@(ba)

b— 2
> (2mab) "% exp <(2a)> , (23)
where ®(t) = fioo dx(2m)~1/2 exp(—2?/2).
Therefore, plugging (23) in (11), we easily obtain the limit
we set out to prove.

REFERENCES

[1] R. Knopp and P. Humblet, “Information capacity and power control
in single cell multiuser communications,” in Proc. IEEE Int. Conf. on
Communications (ICC’95), Seattle, WA, June 1995.

[2] D. N. C. Tse, “ Optimal power allocation over parallel Gaussian chan-
nels,” in Proc. Int. Symp. Information Theory, Ulm, Germany, June 1997.

[3] P. Viswanath, D. N. C. Tse and R. Laroia, “Opportunistic Beamforming
using Dumb Antennas,” [EEE Transactions on Information Theory, vol.
48, pp.1277-1294 June, 2002.

[4] D. Gesbert and S. Alouini, “How much feedback is multi-user diversity
really worth,” in Proc. IEEE Int. Conf. on Communications (ICC’04),
Paris, France, June. 2004

[5] S. Sanayei and A. Nosratinia, “Exploiting multiuser diversity with only 1-
bit feedback,” in Proc. of IEEE Wireless Communications and Networking
Conf. (WCNC’05), New Orleans, LA, March 2005.

[6] O. Somekh, A. M. Haimovich and Y. Bar-Ness, “Sum-rate analysis of
downlink channels with 1-bit feedback,” IEEE Commun. Lett., to appear.

[7] V. Hassel, M.-S. Alouini, G. Qien and D. Gesbert, “Rate Optimal
Multiuser Scheduling with Reduced Feedback Load and Analysis of
Delay Effects,” EURASIP Journal on Wireless Communications and
Networking, to appear.

[8] S. Verdd, “Spectral efficiency in the wideband regime,” IEEE Transac-
tions on Information Theory, vol. 48, pp.1319-1343 June, 2002.

[9] W. C. Jakes, “Microwave Mobile Communications,” New York: Wiley,
1974.

[10] M. K. Simon, “Probability Distributions Involving Gaussian Random
Variables: A Handbook for Engineers and Scientists,” Kluwer Academic
Press, 2002.

[11] A. H. Nuttall, “Some integrals involving the Q-function,” Technical
Report TR4297, Naval Underwater System Center, Newport, RI, April
17, 1972.



