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METHOD AND SYSTEM FOR SUM-RATE OF BROADCAST
CHANNELS WITH OUTDATED 1-BIT FEEDBACK

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional
Application Serial No. 60/926,326, filed April 26, 2007, entitled “Method and System
for Sum-Rate of Broadcast Channels with Outdated 1-Bit Feedback,” the contents

of which are incorporated by reference herein.

BACKGROUND

[0002] This section is intended to provide a background or context. The
description herein may include concepts that could be pursued, but are not
necessarily ones that have been previously conceived or pursued. Therefore,
unless otherwise indicated herein, what is described in this section is not prior art to

the appended claims and is not admitted to be prior art by inclusion in this section.

[0003] In wireless communication systems, multiuser diversity capitalizes
on independent fading channels 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 shown to be optimal in terms of
ergodic sum-rate for both the uplink and for the downlink. However, it requires all
users to feed back their instantaneous channel state information (CSl) to the
transmitter. It has been shown that, given this optimal scheduling, the ergodic sum-
rate capacity of the downlink Rayleigh fading channel scales as log logK with the

number of users K .

[0004] The optimal scheduling discussed above has at least two problems.
First, there is a large amount of required feedback. Second, the feedback delay
may cause the CS| fed back to the base station to be outdated. In order to reduce
the feedback load, various schemes have been proposed. One approach
prescribes feedback of a quantized version of the CSI. A 1-bit feedback scheme
was proposed (without considering feedback delay). According to this scheme, for

each fading block, users with channel power exceeding a given predetermined

-1-
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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. This 1-bit
feedback scheme suffers from a negligible loss of multiuser diversity gain as
compared to the full CS| feedback scheme. In particular, the optimal scaling law of

log logK is preserved.

[0005] 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 information 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.

SUMMARY

[0006] Representative embodiments include achievable ergodic sum-rate
of broadcast channels with outdated 1-bit feedback per user per fading block.
Outdated is meant to refer to a delay that occurs between the time of the
measurement of the channel at the user side and that of the scheduling at the base
station. By exploiting a lower bound of the rate, with outdated 1-bit feedback per
fading block for each user, the achievable sum rate demonstrates the same growth
rate of log logK as a full CSI feedback scheme, with a carefully selected threshold.

[0007] A representative embodiment includes a single antenna base
station that transmits to K single-antenna receivers in a broadcast channel. Users
can 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:

yk(t) = hk(t)x(t) + nk(t), k=1,..,K (1)
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where hdt) ~ CN(0, 1) is the channel fading coefficient of user k, hk(t) ~CN(0, 1)is
complex Gaussian noise with unit variance and assumed statistically independent

among different users.

[0008] A representative method for using one-bit outdated feedback in
wireless communication technology can include determining if a fading power is
larger than a pre-determined threshold; if larger, communicating a single bit one via
an uplink channel for a current fading block; and, if not larger, communicating a
single bit zero via the uplink channel for the current fading block.

[0009] A representative system that uses one-bit outdated feedback in
wireless communications can include a receiver and a processor. The receiver is
configured to receive a communication from a base station via a broadcast channel.
The processor has instructions to determine if a fading power of the received
communication is larger than a pre-determined threshold and, if so, send a single

bit one via an uplink channel for a current fading block.

[0010] A representative apparatus configured to receive communications
via a single-input single-output downlink channel can include a single-antenna
receiver that receives a signal from a base station via a downlink channel and a
communication interface that sends the base station an outdated one-bit feedback
via an uplink channel for a fading signal block when a fading power is greater than

a threshold power.

[0011] Other principal features and advantages will become apparent to
those skilled in the art upon review of the following drawings, the detailed

description, and the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Representative embodiments are hereafter described with

reference to the accompanying drawings.

[0013] FIG. 1 illustrates operations performed by a network user in a
method of using 1-bit outdated feedback in accordance with a representative

embodiment.
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[0014] FIG. 2 illustrates operations performed by a network base station in
a method of using 1-bit outdated feedback in accordance with a representative

embodiment.

[0015] FIG. 3 is a graph depicting sum-rate R verses the number of users

K for a 1-bit feedback scheme in accordance with a representative embodiment.

[0016] FIG. 4 is a graph depicting sum-rate of the 1-bit feedback scheme
in low SNR regime and wideband approximation for different channel temporal

correlations in accordance with a representative embodiment.

DETAILED DESCRIPTION

[0017] Fig. 1 illustrates operations performed by a network user in a
method of using 1-bit outdated feedback in wireless communication systems.
Additional, fewer, or different operations may be performed depending on the
implementation. For representative embodiments described herein, the assumption
is made that each user is aware of its own fading power level v;(¢) = 4,(¢)|* based
on a perfect channel estimation at time t. In an operation 10, the user compares its

own fading power with a prescribed threshold «a . If the received power vi(t) is

larger than the threshold a , as determined in operation 12, the user feeds back a
single bit of “1” through a reliable uplink channel for the current fading block in an
operation 14. Otherwise, it feeds back a single bit of “0" for the current fading

block in an operation 16.

[0018] Fig. 2 illustrates operations performed by a network base station in
a method of using 1-bit outdated feedback in wireless communication systems.
Additional, fewer, or different operations may be performed depending on the
implementation. Attime ¢+7 , the base station receives all feedback bits
(operation 20) and randomly chooses one of the users with feedback bit “1”
(operation 22) for transmission with power P. In an operation 24, the base station
transmits the selected user at power P. If 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
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power P(Eljxﬂ) = 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.

[0019] During the delay r between perfect channel estimation and
scheduling decision, the state of the channel chosen for transmission is subject to
change. The temporal channel correlation coefficient between the channels at time
tand t+7 is p. As an example, the temporal channel correlation o can be related

to the delay ¢ through Jake's model as p=J, (27, |7|), where Jy is the zero-order
Bessel function of the first kind, and f,, is the Doppler Spread. In representative
embodiments, the transmitter has knowledge about o, through, e.g., estimation of

the Doppler spread.

[0020] The achievable ergodic sum-rate of the 1-bit feedback scheme
described above in presence of feedback delay can be derived as follows. The
achievable ergodic sum-rate of the 1-bit feedback scheme with power P, K users,

temporal channel correlation coefficient p, and arbitrary threshold a, is given by

R(a.p.P) = (1— (1 -e9) / log(1 + 22 P)2z

22y ( v/§ V2a )
Q1 dz,
V1 \/1 - p?

(2)

where Qi{a,b) = f:c Iroexp (—"‘5"2) lolax)dzr is the first-

order Marcum-Q function.

[0021] 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:
Riav,p. P) = Pr(N » 01E[log(1 + rfz:’["]lv'z > o, 3)

-5-
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where the subscript k is dropped due to the statistical equivalence of different users

and denoted v =v(¢)and v, =v(t +7) (i.e., channel envelopes at the channel

estimate and scheduling decision time instants, respectively).

[0022] The probability that at least one user is qualified to be chosen for

transmission is:

Pr(N>0) = 1-Pr(N=0)=1-(Pr(v’ <« (.n))K
= 1-(1-e)", 4)

where N is the number of users with channel power gain v’ above the threshold o .

[0023] In order to calculate the ergodic sum-rate for the chosen user over

the fading blocks, the probability density function (pdf) of v, is needed given the

condition v: > a . From the cumulative distribution function (cdf) of v, given the

condition v’ >,

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

_ [Oz dv, f:% (v, v)dv )
- [\)fc&' Qve—-dy '

F‘U.—(:ilve 2 Cl) =

Jurov - vl

. ) = ,«'rvg',/«fl— My 2pvrvy L
where flvr.v) = 157¢ TP ol¥E5T) s the joint pdf of two correlated
Rayleigh random variables. By taking the derivative of Equation (5) with respect to

z, the conditional pdf is:

20 grp 224V {1-p?y ¢ 2pzv N g
-[\/,(T I*P:C IO( l—p- )dt

fv,— (ZIL‘2 > Q’)

C—O
V2p . v2a )

= 2:7HQ 2,
V- J1-p

(6)

Substituting Equation (4) and Equation (6) into Equation (2) completes the proof.

[0024] 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

-6-
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bounds on Equation (2). An upper bound of the rate is directly derived by using

Jensen's inequality on Equation (2),
' -2 K 2
Rupla.p. Py = (1= (1= ¢ Jlog (1 + P (1 +p%a)) . (T)

On the other hand, a lower bound is obtained as follows:

Riw(ct,p, P) = (1 ~(1- e‘“)K) log (1 + aP)

1+ ___pv% V2

V2a p\/"z_a )}
-Q =17 ®
’ (\/1 - V19

[0025] Exploiting the lower bound Equation (8), the scaling law of the 1-bit
feedback scheme with respect to the number of users K can be found as follows.
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 CSl feedback scheme:

R(ao(K),p. P)

li L =1, 9
Kl—r»noo loglog K ' )

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

[0026] The lower bound Equation (8) suggests that, in order to get a
multiuser diversity gain of O(logK) and to make the pre-log term close to 1, a “good”
choice of the threshold is a,,(K)=logK -6, where § is a positive constant smaller
than logK. In fact, with this choice of threshold (referred to as sub-optimal

threshold), it follows that:

lim (1- (1—e)*) =1 (10)

— N
a=agiR)

and
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T VI
lim 1+Q1("V°‘ vl )
)

it VI=p2 VT-p7
-0, via  _pv2a ) _ (1)
VIi=p? 12 '

From Equation (8), Equation (10) and Equation (11), it follows that

i Jo(@w(R). 2. P)
m

K—oc loglog K - (12

=1—-e"

[0027] Since & can be chosen any arbitrary large number (after taking K
to infinity), the ratio in Equation (12) goes to 1. Therefore, since a sub-optimal
threshold preserves the scaling law of log logK, the 1-bit feedback scheme
guarantees the same growth rate as the full CSI feedback scheme with an optimal

(K)

threshold %o , thus completing the proof.

[0028] Another interesting asymptotic result comes from the upper bound
on the achievable ergodic sum-rate of the 1-bit feedback scheme in Equation (7).

With large number of users K and optimal threshold a,(K) , it follows that
o : K
h.lilnx Ryp(ao(K).p.P) = ,‘Ji_n; (l - (1 ——c'”"”‘") )
x log (1+ P (1 + p as(K))).
(13

Since it has been shown above that there exists a suboptimal threshold ,(K)

o (1 — emoeENKY =
such that MK —oc (1 (1-e ') ) = L. itis apparent that the same

condition holds with an optimal threshold 2y (K) . Therefore,

}‘]im Ry (as(K),p. P) =~ logPa,(K)+ 2logp.(14)

The approximation comes from the fact that in order to get a multiuser diversity of
log logK, the optimal threshold (K} s of O(logK), and log(1+ x) = logx for x >>1.

[0029] The first term in Equation (14), log Pa,(K), is the optimized

asymptotic rate with large number of users for the 1-bit feedback scheme without
-8-
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delay. Therefore, the second term 2 log p provides a bound on the sum-rate

degradation due to feedback delay in the asymptotic regime of large K. Below, it is
shown via numerical results that this bound is in fact an accurate prediction of the

real sum-rate degradation for K >> 1.

[0030] The sum-rate of broadcast channels with outdated 1-bit feedback
and operating in a power-limited (or wideband) regime is characterized by low SNR
and low spectral efficiency. In order to characterize the spectral efficiency in the
low SNR regime, two parameters are considered: (/) the minimum signal energy-

per-information bit £y required for reliable communication; (ii) the spectral

0 min

efficiency slope Sy, also referred to as wideband slope, as a function of 1—%—
0

at—E—” _ The notation R is introduced as to denote the sum-rate as a function of

0 min

%. This notion is related to the sum-rate of R as a function of the SNR P, through
0

Eyy_ : _rpyEe
R( )=R(P) and P=R(P)—

0 0

. Thus, a linear approximation of the spectral

. E, . . . .
efficiency versus 7\% in this regime is:
0

Ey

R(a.p.—) = — W’E

Ey So ([ Eb
No 3dB

). (15)
;]

The performance of the 1-bit feedback scheme in the wideband limit is shown by
Eb

JdB No min

deriving closed-form expressions for both Ny nia and So. An asymptotic analysis of

the two parameters with large number of users K and a sub-optimal threshold a,

is also presented.

[0031] The minimum energy per bit required for reliable communication
E,
omn depends on the first order derivative of the sum-rate with respect to the SNR

N
P, evaluated at P = 0. Mathematically, this is showing using Equation (2) as:

-9-
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Eb _ log 2
:,_"_ . - AR p 1"
U mia ar P=0

- log 2 (16
= Ui-enmM+pa) ¥

The spectral efficiency slope Sy is a function of both the first order and the second

order derivatives of the sum-rate:

4
ARa.p.P)\~
2(2gen)

~ 5% Ra.p.P)
T

P=0
(1= —e)F) (1 +p%)? a7
T 14200 —apt + et '

Using the results in Equation (16) and Equation (17), the sum-rate degradation due
to the feedback delay in the asymptotic regime of low SNR is quantified for any

number of users by means of Equation (15).

[0032] To further analyze the above results of Equation (16) and Equation
(17), the asymptotic scenario with large number of users K and a sub-optimal
threshold a,,(K)=1logK - & (this sub-optimal threshold guarantees the asymptotic
optimality of the scaling law) is considered. From Equation (16) and Equation (17),

for p >0and K>>1,

Ey log 2

Nomin P logK’ (%)
and

So — 2. (19)

Substituting these results in Equation (15), a linear approximation of the sum-rate

versus £ in the wideband regime with large number of users is:

log 2 ‘
- 1010!;”);')T|_0g_}\;) . 20)

-10 -
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Eb
[0033] Itis known that No win for reliable communication over a fading
channel with no CSI at the transmit side is log 2 = -1.59 dB. With 1-bit CSI
feedback, a large number of users K and a temporal channel correlation coefficient
p >0, the denominator in Equation (18) shows a multiuser diversity gain of p’ log
E,

K. With increasing p, this leads to a decreasing required No win for reliable
communication. Regarding the spectral efficiency slope S, it can be obtained from
Equation (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. When p > 0, the asymptotic spectral efficiency

slope (19) equals 2 as for an AWGN channel.

[0034] Fig. 3 shows an 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 2o(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 2 log p as derived above.

[0035] Fig. 4 shows the sum-rate of the 1-bit feedback scheme as a

function of % and its wideband approximation in Equation (15) according to
0

Equations (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 CSl, and

1-bit feedback without delay at low SNR regime, are also shown for reference. It is
E,

seen that there is a multiuser diversity gain in terms of No min between the 1-bit

feedback scheme with different temporal channel correlation coefficients and the no

-11-
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CSI feedback scheme. This can be quantified as 10log,,(p° log K)dB when the

number of users K is large. The spectral efficiency slope increases from 1, which
corresponds to the no CS| feedback case, to Sy = 2, which equals to the spectral

efficiency slope of a Gaussian channel.

[0036] The representative embodiments include 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 shown,
along with simple upper and lower bounds. 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. Furthermore, the feedback delay yields a sum-rate degradation which

has been quantified for both cases of large number of users and low SNR.

[0037] One or more flow diagrams have been used to describe exemplary
embodiments. The use of flow diagrams is not meant to be limiting with respect to
the order of operations performed. The foregoing description of representative
embodiments has been presented for purposes of illustration and of description. It
is not intended to be exhaustive or limiting with respect to the preciée form
disclosed, and modifications and variations are possible in light of the above
teachings or may be acquired from practice of the disclosed embodiments. It is
intended that the scope of the invention be defined by the claims appended hereto

and their equivalents.

-12 -
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WHAT IS CLAIMED IS:

1. A method for using one-bit outdated feedback in wireless

communication technology, the method comprising:

determining if a fading power is larger than a pre-determined
threshold;

if larger, communicating a single bit one via an uplink channel for a

current fading block; and

if not larger, communicating a single bit zero via the uplink channel for

the current fading block.

2. The method of claim 1, wherein the fading power is a Rayleigh flat

fading power independent to an individual single antenna.

3. The method of claim 1, wherein communicating the single bit one is

from a first antenna to a base station.

4, The method of claim 3, wherein the base station comprises a single
antenna.
5. The method of claim 3, further comprising receiving a communication

via a broadcast channel from the base station.

6. The method of claim 5, further comprising determining the fading

power from the received communication.

7. A system that uses one-bit outdated feedback in wireless

communications, the system comprising:

a receiver configured to receive a communication from a base station

via a broadcast channel; and

a processor having instructions to determine if a fading power of the
received communication is larger than a pre-determined threshold and, if so, send a

single bit one via an uplink channel for a current fading block.

13



WO 2008/132609 PCT/IB2008/001671

8. The system of claim 7, wherein the processor includes instructions to

send a single bit zero via the uplink channel.

9. The system of claim 7, wherein the receiver comprises a single

antenna.

10. The system of claim 7, further comprising a base station configured to

communicate with a plurality of devices via a broadcast channel.

11.  The system of claim 10, wherein the base station is configured to

select one of the plurality of devices that sent a feedback bit of one.

12.  The system of claim 11, wherein the base station transmits

communications from the selected one of the plurality of devices.

13.  The system of claim 12, wherein the transmitted signal is a zero mean

complex Gaussian random variable.

14.  The system of claim 11, wherein the selection of one of the plurality of

devices that sent the feedback bit of one is a random selection.

15.  The system of claim 11, wherein the base station is configured to not
communicate communications from the plurality of devices when no feedback bit of

one is received for the current fading block.

16. The system of claim 11, wherein a sum-rate scales for increasing

number, K, of plurality of devices as log log K.

17.  An apparatus configured to receive communications via a single-input

single-output downlink channel, the apparatus comprising:

a single-antenna receiver that receives a signal from a base station

via a downlink channel; and

a communication interface that sends the base station an outdated
one-bit feedback via an uplink channel for a fading signal block when a fading

power is greater than a threshold power.

14
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18.  The apparatus of claim 17, wherein the fading signal block is
statistically independent of fading signals of other devices communicating with the

base station.

19.  The apparatus of claim 17, wherein the communication interface
sends the base station a single bit zero for the fading signal block when the fading

power is less than the threshold power.

20. The apparatus of claim 17, further comprising a processor having

instructions to compare the fading power and the threshold power.

15
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