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(57) Abstract: A first method comprises determining a condi-
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information corresponding to the condition; and communicating
the information to a receiver. A second method is disclosed com-
prising receiving first information corresponding to a condition
of a buffer in a transmitter; determining channel state informa-
tion for a channel from the transmitter to the receiver; using the
first information and the determined channel state information,
determining second information; and communicating the second
information to the transmitter. The second information and the
condition of the buffer may be used by the transmitter to deter-
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transmission rate and transmission power for a signal from the
transmitter to the receiver. A desired delay constraint for packet
traffic over the channel may be achieved.



WO 2006/109123 A2 I} N0 A0VOH) AT VKO 00RO AR AR

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,  For two-letter codes and other abbreviations, refer to the "Guid-
RO, SE, S, SK, TR), OAPI (BF, BJ, CE, CG, CI, CM, GA, ance Notes on Codes and Abbreviations" appearing at the begin-
GN, GQ, GW, ML, MR, NE, SN, TD, TG). ning of each regular issue of the PCT Gazette.

Published:
—  without international search report and to be republished
upon receipt of that report



WO 2006/109123 PCT/IB2006/000795

JOINT FEED-FORWARD AND FEEDBACK DESIGN FOR WIRELESS
COMMUNICATION SYSTEMS

TECHNICAL FIELD

[0001] This invention relates generally to wireless communication and,
more specifically, relates to wireless communication systems that use information to

adjust parameter(s) used in communications between transmitters and receivers.

BACKGROUND OF THE INVENTION

[0002] It is well known that intelligent adaptation techniques are
required to overcome the multipath fading effects of wireless channels. For example,
power and rate adaptation techniques have been considered to improve throughputs or
reduce error rates. Capacity and outage performance of fading channels with perfect
channel state information (CSI) at the transmitter and receiver has been investigated
and it is known that having information about the channel at the transmitter improves
the system performance. In many practical wireless systems, feedback of channel
information from the receiver to the transmitter has been utilized for transmit power
control and, consequently, to reduce error rates. For example IS95, third-generation
(3G) code division multiple-access (CDMA) systems for wireless communications
typically communicate channel state information from the receiver to the transmitter.
This feedback is usually provided using a scalar quantization of the estimated channel
state information (e.g., normalized channel gain) at the receiver. Based on the scalar
quantization, the transmitter can adapt transmission parameters such as transmit
power.

[0003] Generally, in practical systems the number of bits of feedback
from receiver to the transmitter is limited. The estimate (e.g., measurement) of
channel state information is quantized into a number of bits. Current systems utilize
the finite (usually between 1-4 bits) amount of feedback information for adaptive
transmission at the transmitter. For example, the closed loop power control that exists
in cellular systems utilizes such feedback. The quantization of the measured
normalized channel gain at the receiver is independent of traffic characteristics and

delay requirements and is not adaptive to different scenarios. Thus, designs for typical
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wireless communication systems are considered to be independent of traffic delay or
quality of service (QoS) requirements.
[0004] While such feedback information for wireless communication

systems is beneficial, additional improvements could be realized.

BRIEF SUMMARY OF THE INVENTION

[0005] The present invention provides techniques that are useful for
joint feed-forward and feedback design for wireless communication systems.

[0006] In an exemplary aspect of the invention, a method is disclosed
that comprises determining a condition of a buffer in the transmitter and, using the
condition, determining information corresponding to the condition. The method also
comprises communicating the information to a ;'eceiver.- .

[0007] In another exemplary embodiment, a transmitter is disclosed
comprising a buffer storing packets, a circuit that determines a condition of the buffer,
a reception portion that receives information from a receiver, and a circuit using the
condition and the information to determine at least one transmission parameter. The
determinations of the condition and the at least one transmission parameter are
performed so as to achieve a desired delay constraint for packet traffic over a channel
from the transmitter to the receiver. A

[0008] In another exemplary embodinient, a transmitter comprises
means fqr storing packets and means for determininga condition of the means for
storing packets. The transmitter also compriséé means responsive to the condition for
determining information corresponding to the condition and comprises means for
communicating the information to a receiver.

[0009] In an additional embodiment, a signal bearing medium is
disclosed that tangibly embodies a program of machine-readable instructions
executable by a processing apparatus to perform operations. The operations comprise
determining a condition of a buffer in the transmitter and, using the condition,
determining information corresponding to the condition. The operations further
comprise communicating the information to a receiver.

[0010] Ina further embodiment, a method is disclosed that is

comprises step for determining a condition of a buffer in the transmitter and, using the
{
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condition, step for determining information corresponding to the condition. The
method additionally comprises step for communicating the information to a receiver.

[0011] In another aspect of the invention, a method comprises
receiving first information corresponding to a condition of a buffer in a transmitter
and determining channel state information for a channel from the transmitter to the
receiver. Using the first information and the determined channel state information,
second information is determined. The method further comprises communicating the
second information to the transmitter.

[0012] In another embodiment, a receiver is disclosed comprising a
reception portion, a channel estimator, and a circuit. The reception portion receives
first information from a transmitter, the first information corresponding to a condition
of a buffer of the transmitter. The channel estimator determines channel state
information for a channel from the transmitter to the receiver. The circuit determines
second information using the first information and channel state information. The
determination of the second information is performed so that a desired delay
constraint for packet traffic over the channel is achieved.

[0013] In another exemplary embodiment, a receiver comprises means
for receiving first “invformation corresponding to a condition of a buffer in a
transmitter. The feceiver also comprises means. for determining channel state
information for a channel from the transmitter to the receiver. The receiver
additionally comprises means responsive to the first information and the determined
channel state information for determining second information. The receiver further
comprises means for communicating the second information to the transmitter.

[0014] In an exemplary embodiment, another method is disclosed that
comprises step for receiving first information corresponding to a condition of a buffer
in a transmitter, and step for determining channel state information for a channel from
the transmitter to the receiver. The method additionally comprises step for
determining, by using the first information and the determined channel state
information, second information. The method also comprises step for communicating
the second information to the transmitter.

[0015] In yet another exemplary embodiment, another signal bearing
medium is disclosed that tangibly embodies a program of machine-readable

instructions executable by a processing apparatus to perform operations. The
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operations comprise receiving first information corresponding to a condition of a
buffer in a transmitter and determining channel state information for a channel from
the transmitter to the receiver. The operations additionally comprise determining, by
using the first information and the determined channel state information, second
information. The operations also comprise communicating the second information to
the transmitter.

[0016] In another aspect of the invention, a method is disclosed that
comprises gathering channel state information statistics and transmission rate statistics
for a channel between a transmitter and a receiver. The following are performed using -
the channel state information statistics and transmission rate statistics: determining a
first function used to calculate first information based on a condition of a buffer of the
transmitter; determining a second function used to calculate second information based
on channel state information and the first information; and determining a third
function used to calculate transmission power and transmission rate based on the

second information and the condition of the buffer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The foregoing and other aspects of embodiments of this
invention are made more evident in the following Detailed Description of Exemplary
Embodiments, when read in conjunction with the attached Drawing Figures, wherein:

[0018] FIG. 1 is a block diagram of an exemplary wireless
communication system in accordance with an exemplary embodiment of the present
invention;

[0019] FIGS. 24, 2B, 2C, 2D, 2E, and 2F are graphs representing
specific forms of thresholding functions considered; ‘

[0020] FIG. 3 is a graph of total loss probability for a buffer size of
two packets and various amount of feedback (FB) and feed-forward (FF) information;

[0021] FIG. 4 is a graph of total loss probability for a buffer size of
three packets and FB information of two bits;

[0022] FIG. 5 is a graph of total loss probability for a buffer size of

three packets and FB information of three bits;
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[0023] FIG. 6A is a block diagram of part of a transmission portion of
a transmitter allowing multirate transmissions in accordance with an exemplary
embodiment of the present invention;

[0024] FIGS. 6B, 6C, and 6D are examples of dii;ferent rates used in
the transmission portion shown in FIG. 6A;

[0025] FIG. 7A is a graph of packet error rate for the multirate scheme
shown in FIG. 6A, for a number of packets per time-slot;

[0026] FIG. 7B is a graph, determined using FIG. 7A, of transmission
power for number of packets per time-slot (u);

[0027] FIG. 8 is a graph of packet error rate versus delay for the
multirate scheme shown in FIG. 6A;

[0028] FIG. 9 is a graph of packet error rate versus signal to noise ratio
(SNR) for the multirate scheme shown in FIG. 6A, for a delay of three packets;

[0029] FIG. 10 is a graph of packet error rate versus signal to noise
ratio (SNR) for the multirate scheme shown in FIG. 6A, for a delay of two packets;
and

[0030] FIG. 11 is a flowchart of a method for joint feed-forward and

feedback for wireless communication systems.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0031] As previously described, feedback information about channel
state information (e.g., normalized channel gain) is sent from the receiver to the
transmitter in certain wireless communication systems. The receiver, through the use
of a quantizer, typically quantizes the channel state information into 1-4 bits and sends
the bits as feedback information to the transmitter. The transmitter then uses the
feedback information to adjust transmission parameters, such as transmission power.

[0032] There are two main drawbacks of these schemes. Firstly, there
is no optimization of the quantizer coefficients based on delay requirements of the
traffic. The quantizer coefficients are used to determine how many bits to be used for
feedback information. Secondly, there is no adaptation of the quantizer coefficients
based on knowledge of the transmit buffer condition at the receiver.

‘ [0033] By contrast, certain exemplary embodiments of the present

invention can correct these problems. An exemplary embodiment of the present
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invention adds a new logical feed-forward channel from the transmitter to the receiver
that transports information regarding buffer condition. Another exerriplary
embodiment of the present invention presents a unified approach to the design of
feedback (FB) and feed-forward (FF) communication systems. In this exemplary
embodiment, the present invention integrates quality of service (QoS) provisioning
(e.g., in the form of meeting delay guarantees) into the design of transmission rate and
transmission power adaptation.

[0034] Exemplary proposed adaptation techniques are applicable in
many different wireless applications including cellular, mesh networks and wide local
area networks (WLANs). However, the proposed adaptation techniques are primarily
useful in systems that have the possibility of sending finite-rate channel feedback
information from receiver to transmitter. Also, if there exists no possibility for
feedback from receiver to transmitter due to the fast fading nature of the channel, then
the techniques of the present invention might not be useful. Exemplary proposed
adaptation techniques are applicable for many different types of traffic including
constant bit rate traffic and variable bit rate (VBR) traffic. The latter type of traffic
includes, for instance, video traffic like Motion Picture Experts Group (MPEG), and
Internet traffic traces.

- [0035] Ceifcain of the proposed techniques can be used to improve both

uplink and downlink performance. An exemplary embodiment of the present

- invention is described for a simple point-to-point wireless communication system,
although the techniques presented herein may be used for other systems such as
Multiple-Input, Multiple-Output (MIMO) systems. A schematic of an exemplary
proposed wireless communication system 100 is shown in FIG. 1. The wireless
communication system 100 comprises a transmitter 110 and a receiver 150 that
communicate through a channel 140. The channel 140 will be considered to be a
fading channel herein. It should be noted that the transmitter 110 and receiver 150
can be combined into a transceiver, if desired.

[0036] The transmitter 110 comprises a buffer 120 that is used to hold
packets 135, which typically arrive in a bursty fashion. The buffer 120 has, as
described in more detail below, a chosen size of L packets 135. For sake of
simplicity, it will be assumed that the maximum desired delay of the packets 135 will

be the size, L, of the buffer 120. The size, L, of the buffer 120 is a desired delay
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constraint that is to be achieved. It should be noted that the actual buffer size may
differ from the desired delay constraint. However, it is assumed herein that if the
buffer 120 already has L packets 135, the L-+1 packet 135 will be dropped. When a
packet 135 is dropped, one of two things is assumed in an exemplary embodiment:
either the dropped packet 135 is retransmitted by a higher layer protocol (e.g.,
Transmission Control Protocol or TCP, Real Time Transport Control Protocol) or if
the data is real-time video/audio, the lost packets do not matter. The total lost packets
is determined by the outage rates, as described below. It is assumed that the desired
delay constraint is satisfied up to certain losses. The desired delay constraint is
sometimes referred to as a statistical Quality of Service (QoS) constraint, e.g, design a
scheme so that at most five percent of packets violate a delay bound (e.g., L) of three.
[0037] The buffer 120 is coupled to a feed-forward (FF) process 145,

which as described in more detail below uses a function shown as e(-). Briefly, the
FF process 145 determines a condition (e.g., ¢,) of the buffer 120 and communicates
information corresponding to the condition (e.g., g, ) to the receiver 150, as FF

information 193.

[0038] The transmitter 110 further comprises a scheduler 125 and a
transmission portion 130. In an exemplary embodiment, the scheduler 125 uses a
transmission rate 1”70 that determines how many packets 135 are transmitted during a
time-slot. The transmission portion 130 comprises a transmission power 180 that is
uéed during transmission of information on the channel 140 and during a time-slot.
Each of the scheduler 125 and the transmission portion 130 is coupled to a feedback
(FB) process 175. The FB process 175 receives feedback information 194 from a
reception portion 174 of the transmitter 110. Typically, as described in more detail
below, both the transmission rate 170 and the power 180 would be determined using
one function, although it is possible that multiple functions could be used. In the
example of FIG. 1, the function is f() and the transmission rate 170 and transmission
power 180 are determined by the feedback (FB) process 175. Although not shown,
the transmission portion 130 would also contain additional items known to those
skilled in the art, such as modulators, channel coders, error correction devices, and the

like.
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[0039] The receiver 150 comprises a reception portion 155, a channel
estimator 160, a channel quantizer 165, and a transmission portion 166. The channel
quantizer 165 uses a function, g(-), to determine FB information 192. This is
described in more detail below. As additionally discussed below, the functions e(),
F(), and g() are defined in order to achieve a desired delay constraint (e.g., the size,
L, of the buffer 120) for packet traffic between the transmitter 110 and the receiver
150. Portions or all of the transmitter 110 and receiver 150 may be implemented as
circuitry comprising hardware (such as an integrated circuit and/or a programmable
gate array), software (such as a process that is loaded into a digital signal processor or
other processor), or some combination thereof.

[0040] In an exemplary embodiment, the transmitter 110 is adapted to
determine (e.g., using FF process 145) an amount, g, of packets 135 in the buffer 120,
to quantize (e.g., using FF process 145) this amount using a number, N;, of feed-

forward bits, and to communicate this quantized amount, §,, of packets 135 in the

buffer 120 to the receiver 150.

[0041] The amount, g,, of packets 135 in the buffer 120 is one example
of a condition of a buffer that is used to determine feed-forward (FF) information 193,
which is communicated by the transmitter 110 to the receiver 150. Another example -
of a condition of a buffer is the amount of space remaining in the buffer 120. For
instance, assume there is one packet in a buffer of size L. Then, (L-1) or one could be
the condition of the buffer. As another example, the condition could be a state of the
buffer 120, such as “normal” if the buffer 120 typically has one packet 135 in the
buffer 120, “not normal” if greater than one packet 135 is in the buffer 120, or “full” if
the buffer 120 is full (e.g., there are L packets in the buffer 120). For the latter, it
could be that no FF information 193 is used for a “normal” buffer state but is used for
“not normal” and “full” buffer states. As additional examples, the condition could
indicate the number of packets 135 arrived in a time window, indicate the maximum
waiting time of the packets in the buffer, or indicate the earliest delay expiration timer
for the packets 135 in the buffer. For simplicity, the amount, g, of packets 135 in the

buffer 120 will be used in the examples given below. The quantized amount, §,, is an

example of information that corresponds to the condition of the buffer 120.
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[0042] The determination of the condition of the buffer 120, of g, and
of information corresponding to the condition (e.g:, quantization of g;) is shown in
FIG. 1 as being performed by a FF process 145. The FF process 145 may be
implemented in circuitry comprising hardware, software, or a combination thereof.
The FF process 145 may be performed by the buffer 120 (e.g., a process that is
implemented by the buffer 120), the scheduler 125, the transmission portion 130, or
through any other technique/device suitable for these operations. For instance, the
transmitter 110 could be at least partially implemented by a digital signal processor
(DSP), and the buffer 120 could be implemented as a first-in, first-out device (FIFO).
The FIFO could cause an interrupt for the DSP to be enabled when a packet 135 is
received by the FIFO. The DSP could then execute an interrupt process (e.g., FF
process 145) that corresponds to the interrupt, and the interrupt process could
determine the current number of packets 135 in the buffer 120 and quantize this
number. ' ~

[0043] In the example 6f FIG. 1, the FB process 175 could be, e.g.,
another process in the DSP that determines a transmission rate 170 as described in
more detail below. The FB process 175 can be implemented as circuitry comprising
hardware, software, or a combination thereof and may be implemented as a standalone
procéss or have portions or all of the FB process 175 in the scheduler 125, o
transfnission portion 130 or any other portion of the transmitter 110. The FB process
175 uses the transmission rate 170 and a quantized value (e.g., 7,) of an estimate of
the channel state information (e.g., ¥,) to determine transmission power 180, as
described in more detail below. During a time-slot, the transmission portion 130
transmits the number of packets 135 as determined by the transmission rate 170, and
at the transmission power 180. The signal x; is produced, and travels through channel
140.

[0044] The receiver 150 receives the signal y, through the channel 140.
The reception portion 155 produces output packets 190 using the received signal y,
and other techniques, such as demodulation and error correction, as known in the art.

The channel estimator 160 produces an estimate of the normalized channel gain, Vs

2
which is determined from ¥, = IZIZ , where 4, is the complex channel gain and o isa

standard deviation. The estimate of the normalized channel gain is an example of
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channel state information, and will be also used as the channel state information
herein. It is, nonetheless, possible for other channel state information to be used, such
as for the case where a constant amplitude constellation is implemented, then, one

might want to feedback the phase of y,.or a phase difference. Additionally,

normalized channel gain may also be called channel attenuation and techniques for
determining channel attenuation could also be used herein. _ The channel quantizer

165 determines, using the function g('), a quantized value, 7,, of the channel state

information having a number of bits, Nj, and based on the quantized amount, §,, of

packets 135 in the buffer 120 and the estimate of the normalized channel gain, .
[0045] It should be noted that the quantized value, #,, of the estimate

of the normalized channel gain is typically communicated through a feedback channel
192 from the transmission portion 166 to the reception portion 174 and may be
communicated though any mechanism allowing communication between a receiver
150 and a transmitter. = The reception portion 174 then communicates the quantized
value, 7,, to the FB process 175.

[0046] The quantized amount, §,, of paékets 135 in the buffer 120 is
typically communicated through a feed-forward channel 191 and may be
communicated thc;ugﬁ any mechanism allowing communication between a transmitter
110 and a receiver 150. Typically, the quantized amount, §,, of packets 135 is
communicated to the transmission portion 130 (e.g., through a process associated with
the buffer 120), and the transmission p‘ortion 130 uses the feed-forward channel 191 to

communicate the quantized amount, §,, of packets 135 to the reception portion 155 of
the receiver 150. The reception portion 155 then forwards the quantized amount, §,,

of packets 135 to the channel quantizer 165. FIG. 1 shows the feed-forward channel
191 occurring betwéen the FF process 145 and the channel quantizer 165 as an aid in
describing and understanding embodiments of the present invention.

[0047] It should be noted that the channel 140 is typically a slow
fading channel used for the “actual” data transfer (e.g., packet traffic) from the

transmitter 110 to the receiver 150. The feedback (FB) information 194 (e.g., 7,) and

feed-forward (FF) information 193 (e.g., ¢,) are assumed to be sent on “side”

10
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channels in an error free manner. The effect of small errors in the “side” channel will
not affect the performance of proposed system drastically. The FB information 194
and FF information 193 is only a few bits typically, whereas actual data rates over the
channe] 140 could be in kilobits (Kb) or megabits (Mb) or even higher.

[0048] Most systems have the ability to send a few bits of FB
information 194 from the receiver to the transmitter in each frame of data, where each
frame is communicated during a single time-slot. It should be noted that each
“frame” would contain multiple packets depending on the scheduler 125. In FIG. 1,
the wireless communication system 100 transmits FF information 193 from the
transmitter 110 to the receiver 150, generally in each frame. Consider a simple single
path Rayleigh fading channel 140. At the receiver 150, the channel gain is measured

and processed (e.g., as the estimate of the normalized channel gain, y,) along with the

received FF information 193 and the FB information 194 is generated. For simplicity,
the FB information 194 is assumed to be a scalar quantized version of the estimated
normalized channel gain. As described in moré detail below, the thresholds used by
the channel quantizer 165 are determined based on the FF information 193, the

estimated channel state, 7,, and optimization framework used. At the transmitter 110,

the FB information 194 is used in conjunction with buffer condition (e.g., g,) to

optimize the transmission rate 170 and transmission power 180. The optimization
framework used to determine the FF information 193 and FB information 194 and the
related power and rate control mechanism is described next.

[0049] Consider a single user time-slotted system (e.g., wireless
communication system 100) in' which exactly one packet of fixed size R arrives into a
buffer of size L packets 135, at the beginning of every time-slot. This proposed
scheme is applicable to variable rate traffic arrivals in a direct manner. The main
difference required for VBR traffic would be in the calculation of pj; and IT. The
number of packets 135 in the buffer 120 at time ¢ is denoted, as stated above, by g..
The convention is used that if a packet 135 is transmitted in the same time-slot in
which the packet 135 arrived, then the delay equals one. A first-come first-served
policy is assumed and thus buffer size L is assumed to be equal to the absolute delay

bound, D.

11
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[0050] Assume a block fading channel model in which the complex
channel gain /, is constant over T, consecutive symbols, which is also the length of
one time-slot. The complex channel gain  is assumed to vary independently from
one time-slot to another. The transmitted signal x; depends on the number of packets
transmitted at time ¢ and on the coding and modulation scheme used. The complex
received signal y, is given by, y/=h x; + z, where z, is the additive noise. The
transmitted signal x,, the received signal y, and the additive noise z are T, dimensional
complex vectors, The real and imaginary parts of /, are assumed to be independent
zero mean Gaussian, each with variance 1/2. Also, the additive noise z, is assumed to
be circularly symmetric Gaussian with zero mean and covariance o Iy, where I, is

the identity matrix of size 7.

[0051] It has been shown that the conditional mutual information
between x, and y, is a good indicator of the pérformance of practical codes; this

mutual information is given by

: I(x,,y, /h,)=Tc log(1+P'—V';—|i)=Tclog(1+Ry‘),

g

[0052] where ¥, is an estimate at the receiver of the channel state (as
described above) and P, is the transmission power 180. In the examples that follow
the estimate of the channel state, v,, will ‘be considered to be the normalized channel-
gain, although other estimates of the channel state may be used.

| [0053] The total probability IT that a packet 135 arriving at the
transmitter 110 is not successfully decoded at the receiver 150 depends on the
probability of packet loss due to buffer 120 overflows and the frame error rate of the
actual coding scheme. The probability of outage, as an indicator of the frame error
rate, may be considered as follows. The outage probability is defined as the

following: IT, =Pr{I(x,,,/, )< R}. By using this theoretically defined outage

probability, the actual coding scheme used is abstracted away. The total loss
probability is given by the following: IT=Prob of buffer overflows + Prob of outage

in the channel. For constant arrival of one packet per time-slot, the buffer overflow
probability is given by s, (1 —e M ) For the theoretical calculations shown,

probability of outage in the channel 140 equals zero. In a practical scheme,

probability of outage will depend on the chosen frame error rate.

12
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[0054] A class of transmission schemes is now considered in which
both transmission parameters such as transmission rate 170 and transmission power
180 are adapted based on channel knowledge at the transmitter and the buffer state.
For buffer size L, the various possible transmission rates are 0,1, ..., L packets/time-
slot. The number of FB and FF bits are chosen to satisfy (1 + -L—(Lzﬂ)s 2NN As
described in more detail below, once the transmission rate 170 is determined, the

' transmission power 180 is chosen to avoid outages in the channel 140. At the receiver
150, an estimate of the channel state, y,, is quantized, using the estimate of the
channel state, ¥, and FF information 193, to a finite number of bits as the quantized
value, 7,. For instance, the estimate of the channel state could be the normalized
channel gain. The quantization thresholds used by the channel quantizer 165 are
chosen based on the buffer information, g, available at the receiver. The actions at the
transmitter 110 and receiver 150 can be represented as the following:

P = f(a»7.),

7, =&(r.»4,), and

g, =elq,)-

[0055] The design of functions f () g(), and e(-) are important
factors that determine system performance and one exemplary case is illustrated
herein in which these functions are chosen to minimize packet loss probabilities and
to achieve a desired deléy constraint (e.g., the size, L, of the buffer 120) for packet
135 traffic between the transmitter 110 and the receiver 150. It should be noted that
the transmission rate 170 is a function of (q,, ;’},) , and the transmission power 180, P,
is a function of the chosen transmission rate 170 and (g,, 7,). The function f (q,.7.)
is used to select both transmission rate 170 and transmission power 180, and as such

could be separated into multiple sub-functions, e.g., F, = filg,, 7,,rate) and

rate = fz(q,,;?,).
[0056] The optimization problem of interest can then be stated as

' follows:

min} II given E[P]< P,

{tae
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[0057] where E[P] is the expected value of F, and F, is the maximum

power of the transmitter. Initially, a wireless communication system 100 is focused
on having a small number of bits of FF information 193 (e.g., Ny=1 or 2 bits). Thus
the function e(-) is just assumed in an exemplary embodiment to be a simple
thresholding function. The class of functions £, g considered involve the selection of
thresholds yx), 1 < [ < k < L such that during time-slot #, / packets are transmitted if
g=k and 11 <v; <7k, 1., if buffer 120 has k packets 135 and normalized channel
gain lies between certain thresholds. No packets are transmitted in buffer state & if
normalized channel gain y; <7y For notational simplicity, let i¢=0, Yk =< V k.
There is also a natural constraint imposed on the thresholds, namely i1 <vkm for 7 <
m, i.e., more packets 135 are transmitted when the normalized channel gain y; is
higher. '

[0058] Exemplary thresholding schemes useful for f (), g(-), and e(-) |
are illustrated in FIGS. 2A-2F. The thresholding schemes quantize one or more inputs
into one of a predetermined number of bit combinations. The thresholds are also the
boundary regions of a scalar quantizer of y; at the receiver (e.g., the channel quantizer
165). Depending on the value of N, and N, other thresholds, B1, B2,.. .,k are chosen,

. where K =2""" (1 + LL;—Q) These thresholds assist in power control as mentioned

below. FIG. 2D illustrates a thresholding scheme useful, e.g., for determining
transmission power 180.

[0059] FIG. 2E shows an example of thresholding useful for g() . In
the example of FIG. 2E, if the normalized channel gain y is less than y,, and g, is 2,

then 7 =000. FIG. 2F shows an example of thresholding suitable for e().

[0060] Transmission schemes (e.g., determined by ) are considered in
‘which outage does not occur in the channel 140, but only due to pécket dropping
arising from buffer overflows. Hence, [1, =0 and [T=[I;. Zero outage in the channel

140 can be ensured by choosing enough transmission power 180 to ensure that the

- . . . : IR—
instantaneous mutual information is greater than R. Formally, P, = ﬁ%‘l, where Y|

<Ye<7Yiw1, and B is the largest threshold that lies between vy and y; and is given by

[ = argmax X.
{68208 o7ia }
x<;71
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[0061] Since it is assumed that exactly one packet 135 arrives during
every time-slot, buffer overflows only occurs in the q~=L buffer state. The queue state
g. forms a stationary Markov chain with L+ states. The transition probabilities pj

between the different queue states, defined as p;=Pr{ g:+/=/ | g7}, can be computed

through the following:
(oM —g M2 = j#L
1—e™™ j=i+l
pp=ql-e™ i=j=L
e"’Yi.i-—Ji-l - e""{i,i-ju j < Z‘

| 0 else

[0062] The stationary probability of being in buffer state g,=i, denoted
by s; (which is also the invariant distribution of the Markov chain) is then computed
from the following:

Cs=s.

[0063] where s=[so'51 sz...s]'and Cis an (L+1) x (L+1]) matrix
whose # row and 7™ column is py. Thus, the packet loss probability, which depends on -

the thresholds v;, is given by the following:

Yy ' -
=11, =35, Ie'féiy =5, (l—e_”" )

0

[0064] The optimization problem is then solved using numerical
techniques; for example using standard built-in minimization functions in MATLAB.
The results of the optimization are given in FIGS. 3-5 for various combinations of
buffer sizes, FB and FF rates. For instance, “FB=2" in FIG. 3 means that the FB rate
is two bits for FB information 194 per time-slot, and “FF=1" means that the FF rate is
one bit for FF information 193 per time-slot. It should be reiterated that finite buffer
sizes result in a bound on the average packet delay. Further, if a first-come-first-serve
policy is considered, finite buffer sizes also impose an upper bound on the absolute
packet delay.

[0065] It is clear from FIGS. 3-5 that adding even one bit of FF
information 193 can substantially reduce the outage probabilities (around one dB in
some cases) and thus implementing them in practical systems with limited amount of
FB information 194 and FF information 193 can still lead to substantial improvements

in performance. The parameter choices in FIG. 2A through FIG. 6 satisfy the
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condition (1 +2&0) < oM™V I practical scenarios, if not enough FF or FB bits are
2 p g

available, then the proposed technique can still be used but by limiting buffer
occupancy to lesser than full capacity, such that effective buffer size satisfies the
relation given above.

[0066] An exemplary wireless communication system 100 has been
described above with respect to FIGS. 1-5 FIGS. 6A-10 describe another exemplary
embodiment, shown in FIG. 6A.

[0067] Turning now to FIG. 6A, part 600 of a transmission portion 600
(e.g., transmission portion 130) of a transmitter (e.g., transmitter 110) is shown. The
transmission portion 600 allows multirate transmissions. Part 600 comprises a
channel coding module 620 that accepts input bits and produces coded bits 625. A
variable rate modulation module 630 produces output bits 640 by using one of the
modulation schemes shown in FIGS. 6B (two bits), 6C (four bits), or 6D (six bits).
The following is assumed for a wireless communication system (e.g., wireless
communication system 100) using the part 600: (1) the packet size is 25 bits; (2) the
channel code is rate % convolutional code; (3) the constraint length is 3 and generator
polynomial in octal digits is [5 7]; (4) there is a Rayleigh fading channel; (5) there is.
perfect CSI at the receiver; (6) one time-slot = 50 channel symbols; (7) there is a
constant rate for packet arrivals; and (8) there are three different transmissioﬁ rates.

[0068] Referring now to FIG. 7A, a graph is shown of packet error rate
for the multirate scheme shown in FIG. 6A, for a number of packets per time-slot.
FIG. 7B shows a graph, determined using FIG. 7A, of transmission power for number
of packets per slot (u). For instance, point 710 is chosen by using a selected 705
packet error rate of 0.05. In the'examples of FIGS. 7A and 7B, no FF information 193
was used. Points 710, 720, 730 in FIG. 7B correspond to points 711, 721, and 731 of
FIG. 7A.

[0069] The problem is formulated as above, except that the transmitted
power 180, P,, is determined differently:

P, = f(q,,7,,channel _ FER),

A

7, =glr,.4,),

A

g, :e( ,), and
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min 1T given E[P]<P,.

{fee

[0070] where chanﬁelﬁFER is frame error rate (FER) in t‘heu channel.
Furthermore, the total packet loss raite T1 is buffer overflow probability +
channel FER (I- buffer overflow probability).

[0071] An exemplary problerh'solution includes realizing that the

number of values for ¢, is small, and therefore optimization over e(") is easy. Ina first
case, the channel FER can be fixed and then one can optimize over f () and g()

Additionally, numerical optimization may be performed. Using these exemplary
techniques, the packet error rate versus delay (FIG. 8), packet error rate versus signal
to noise ratio (SNR) for a delay of three packets (FIG. 9), and packet error rate versus
SNR for a delay of two packets (FIG. 10) may be determined. Delay is measured as
time-slots (e.g., where one time-slot has 7;, symbols). It should be noted that power
and SNR are equivalent for a fixed noise variance through SNR = P/c*. FIGS. 9 and
10 show that adding one FF bit improves packet error rate.

[0072] Turning now to FIG. 11, a method 1100 is shown for joint feed-
forward and feedback for wireless communication systems. Method 1100 could be
used, for example, in the systems described in réference to FIGS. 1 and 6A. In step
1110, the transmitter and receiver functions, e(-')., f{), and g(*), as described above are
determined. Such determination could take place in the transmitter 110, receiver 150,
both the transmitter 110 and receiver 150, or some other location(s). Typically, the

determination of these functions includes optimization by gn% II given E[P]< By;
i:8

however, optimization need not be performed. -

[0073] Once the transmitter and receiver functions have been
determined, then the transmitter functions (e.g., e(?) and /1)) and the receiver function
(e.g., g(-)) will be loaded into the transmitter and receiver, steps 1115 and 1145,
respectively. Steps 1115-1140 are performed by a transmitter (e.g., transmitter 110)
and steps 1145-1170 are performed by a receiver (e.g., receiver 150). It should be
noted that the transmitter 110 can have reception functionality (e.g., reception portion
174) and similarly the receiver 150 can have transmitter functionality (e.g.,
transmission portion 166).

[0074] In step 1120, the condition of the buffer 120 is determined. As
described above, step 1120 is typically performed by determining the amount, g, of
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packets 135 in the buffer 120, although other techniques are possible. In step 1125,

the FF information 193 is determined (e.g., by determining a quantized amount, §,, of

packets 135 in the buffer‘ 120) and transmitted from the transmitter 110 to a receiver
150. ,

[0075] In step 1130, the transmitter 110 receives FB information 194
from the receiver 150. The transmitter 110 in step 1135 determines the transmission
rate 170 and transmission power 180 by using the transmitter functions e(®) and 10).
In step 1140, a signal is transmitted at (e.g., or beneath) the transmission rate 170 and
at transmission power 180 (e.g., or at least at the transmission power 180) determined
in step 1135.

[0076] The receiver receives a signal in step 1150, which is typically a
signal transmitted by the transmitter 110 in a previous time-slot. The receiver 1150
determines channel state information in step 1155. The receiver also receives the
transmitted FF information 193 in step 1160. Note that step 1160 could occur in a
current time-slot (e.g., just prior to step 1150) or could occur in previous time-slots
(e.g., a time-slot prior to step 1150).

[0077] In step 1165, the FB information 194 is determined using the |
receiver function, g(), which uses the channel state information determined in step
1155 and the FF {nfOMation 193 received in step 1 165. In step 1170, the receiver 150-
transmits the FB information 194 to the transmitter 110.

[0078] While scalar quantization has been described herein, it should
be noted that other techniques might be used. For instance, vector quantization may
be used. Typically, vector quantization will use information from previous time-slots
(e.g., and possibly the current time-slot), when determining quantization in a current
time-slot).

[0079] FIG. 11 assumes that step 1110 is performed before the
transmitter 110 and receiver 150 are operated. If the channel statistics and traffic
statistics are known before hand, the determination of the transmitter and receiver
functions (step 1110) can be done beforehand. The determination of transmitter and
receiver functions could also be performed at other times. For instance, it could also
happen that channel statistics (e.g., channel state information over a time period) and
traffic statistics (e.g., transmission rate 170 over the time period) are performed using

sliding windows in real-time. Thus, the determination of the functions in step 1110
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can be carried out in real-time. Moreover, the determination of the functions in step
1110 could be done on a much slower time-scale and hence every time step 1110 is
performed, the transmitter 110 and receiver 150 can be made to have the same
functions e(*), f{*), and g(*).

[0080] As described above, embodiments of this invention including
means and steps thereof may be implemented by circuitry such as computer software
executable by one or more processors (e.g., signal processors) in each of the
transmitter 110 and receiver 150, software, or a combination of software and
hardware. Further in this regard, it should be noted that the various blocks of the flow
diagram of FIG. 11 may represent program steps, or interconnected logic circuits,
blocks and functions, or a combination of program steps and logic circuits, blocks and
functions for performing the specified tasks. Additionally, embodiments of the
present invention may be implemented as a signal bearing medium tangibly
embodying a program of machine-readable instructions executable by a processing
apparatus (e.g., transmitter 110 and/or receiver 150) to perform operations for joint
feed-forward and feedback design for wireless communication systems.

[0081] The foregoing description has provided by way of exemplary
and non-limiting examples a full and informative description of the best method and
apparatus presently contemplated by the inventors for carrying out the invention.
However, various modifications and adaptations may become apparent to those
skilled in the relevant arts in view of the foregoing description, when read in
conjunction with the accompanying drawings and the appended claims. Nonetheless,
all such and similar modifications of the teachings of this invention will still fall
within the scope of this invention.

[0082] As an example of modifications that might be used, the
functions given above can be nonlinear. For instance, the function e(-) could also
include nonlinear combinations: for one bit FF information 193, q: = 0,1,4 could be

represented by §,= 1 and q; = 2,3 could be represented by g,= 2.

[0083] Furthermore, some of the features of the preferred
embodiments of this invention could be used to advantage without the corresponding

use of other features. As such, the foregoing description should be considered as
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merely illustrative of the principles of the present invention, and not in limitation

thereof.
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CLAIMS
What is claimed is:

1. A method comprising:

determining a condition of a buffer in a transmitter;

using the condition, determining information cbrresponding to the
condition; and

communicating the information to a receiver.

2. The method of claim 1, wherein:
the information is first information;
the method further comprises:
receiving second information from the receiver, the second
information characterized by being determined using the first information and
channel state information for a channel between the receiver and transmitter;
and
using the first and second information, determining

transmission rate and transmission power.

3. ‘ The method of claim 2, wherein the buffer stores packets, and wherein
determinations of the first and second information, the transmission rate and the
transmission power are performed so as to achieve a desired delay constraint for

packet traffic on the channel between the transmitter and receiver.

4. The method of claim 3, wherein:

determining information further comprises determining the first
information by applying a first function to a value for the condition;

the second information is characterized by being determined using a
second function applied to the first information and to the channel state information

for the channel between the receiver and transmitter;
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using the first and second information, determining transmission rate
and transmission power further comprises by using a third function applied to the first
and second information, determining transmission rate and transmission power; and

the first, second, and third functions are performed so as to achieve the

desired delay constraint.

5. The method of claim 1, wherein:

the buffer stores packets;

determining a condition further comprises determining'a number of
packets stored in the buffer;

determining information corresponding to the condition further
comprises quantizing the number of packets into one of a predetermined number of bit
combinations; and

communicating further comprises communicating the one bit

combination through a channel to the receiver.

6. The method of claim I, wherein:

the buffer stores packets;

‘determining the condition further comprises determining a number of
packets that arrive within a time window;

determining information corresponding to the condition further
comprises quantizing the number of packets that arrived in the time window into one
of a predetermined number of bit combinations; and

communicating further comprises communicating the one bit

combination through a channel to the receiver.

7. The method of claim 1, wherein:

the buffer stores packets;

determining the condition further comprises determining a maximum
waiting time of packets in the buffer;

determining information corresponding to the condition further
comprises quantizing the maximum waiting time of packets in the buffer into one of a

predetermined number of bit combinations; and
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communicating further comprises communicating the one bit

combination through a channel to the receiver.

8. The method of claim 1, wherein:

determining information corresponding to the condition further
comprises quantizing, using a predetermined function, a value for the condition into a
given one of a predetermined number of bit combinations; and

communicating further comprises communicating the given bit

combination through a channel to the receiver.

9. The method of claim 1, wherein the information is first information,
wherein the buffer stores packets, and wherein the method further comprises:

receiving second information from the receiver;

using the condition of the buffer and the second information,
determining transmission power; and

at a power that is at least the determined transmission power,

communicating at least one packet in the buffer to the receiver though a channel.

10. The method of claim 1, wherein the information is first information,
wherein the buffer stores packets, and wherein the method further comprises:
receiving second information from the receiver;
using the condition of the buffer and the second information,
determining transmission rate; and )
communicating a number of packets that meets or is below the

transmission rate to the receiver though a channel.

11. The method of claim 1, wherein the information is first information,
wherein the buffer stores packets, and wherein the method further comprises:
receiving second information from the receiver;
using the condition of the buffer and the second information,

determining tfransmission power and transmission rate; and
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at a power that is at least the determined transmission power,
communicating a number of packets that meets or is below the transmission rate to the

“receiver though a channel.

12. The method of claim 11, wherein the first information comprises Ny

bits, the second information comprises N bits, a chosen size of the buffer is L, and Ny

and &V, are chosen to meet (1 + i(—’;ﬂk oM

13. The method of claim 11, wherein determining transmission power and
transmission rate further comprises determining transmission power and transmission

rate through a least one function of (g,, 7?,) , where ¢, corresponds to the condition of

the buffer and 7, corresponds to the second information.

14. A transmitter comprising a buffer storing packets, a circuit that
determines a condition of the buffer, a reception portion that receives information
from a receiver, and a circuit using the condition and the information to determine at
least one transmission parameter, wherein the determinations of the condition and the
at least one transmission parameter are performed to achieve a desired delay constraint

for packet traffic over a channel from the transmitter to the receiver.

15. The transmitter of claim 14, wherein the information is first
information, wherein the circuit that determines the condition of the buffer uses the
condition to determine second information corresponding to the condition, and .
wherein the transmitter further comprises a transmission portion coupled to the buffer
and to the circuit that determines the condition of the buffer, the transmission portion

communicates the second information to a receiver.
16. The transmitter of claim 15, wherein:

the at least one parameter comprises transmission power;

the buffer stores packets;

24



WO 2006/109123 PCT/IB2006/000795

using the condition of the buffer and the first information, the circuit
that determines the at least one transmission parameter determines the transmission -
power; and

the transmission portion communicates, at a power that is at least the
determined transmission power, at least one packet in the buffer to the receiver though °
a channel;

wherein the determinations of the condition and the transmission

power are performed so as to achieve the desired delay constraint.

17. The transmitter of claim 15, wherein:

the at least one parameter comprises transmission rate;

the buffer stores packets;

the transmitter further comiprises a scheduler coupled between the
buffer and the transmission portion;

using the condition of the buffer and the first information, the circuit
that determines the at least one transmission parameter determines the transmission
rate; and 4

the transmission portion communicates a number of packets provided

‘ by the scheduler to the receiver though a channel, wherein the number of packets

meets or is below the transmission raté;

wherein the first and second processes are performed so as to achieve

the desired delay constraint.

18. A transmitter comprising:
means for storing packets;
means for determining a condition of the means for storing packets;
‘meéans responsive to the condition for determining information
corresponding to the condition; and F

means for communicating the information to a receiver.
19, The transmitter of claim 18, wherein:

the information is first information;

the transmitter further comprises:
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means for receiving second information from the receiver;

means responsive to the condition of the buffer and the second
information for determining transmission power and transmission rate; and

means for communicating, at a power that is at least the
determined transmission power, a number of packets that meets or is below the

transmission rate to the receiver though a channel.

20. A signal bearing medium tangibly embodying a program of machine-
readable instructions executable by a processing apparatus to perform operations
comprising:

determining a condition of a buffer in the transmitter;

using the condition, determining information corresponding to the
condition; and

communicating the information to a receiver.

21. The signal bearing medium of claim 20, wherein the information is
first iﬁformation, wherein the buffer stores packets, and wherein the operations further
comprise:’,
B 'reéeiving second information from the receiver;

using the condition of the buffer and the second information,
determining transmission power and transmission rate; and

at a power that is at least the determined transmission power,
communicating a number of packets that meets or is below the transmission rate to the

receiver though a channel.

22. A method comprising:

step for determining a condition of a buffer in the transmitter;

using the condition, step for determining information corresponding to
the condition; and

step for communicating the information to a receiver.
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23. The method of claim 22, wherein the information is first information,
wherein the buffer stores packets, and wherein the method further comprises:

step for receiving second information from the receiver;

using the condition of the buffer and the second information, step for
determining transmission power and transmission rate; and

at a power that is at least the determined transmission power, step for
communicating a number of packets that meets or is below the transmission rate to the

receiver though a channel.

24. A method comprising:

receiving first information corresponding to a condition of a buffer in a

transmitter;

determining channel state information for a channel from the
transmitter to the receiver;

using the first information and the determined channel state
information, determining second information; and

communicating the second information to the transmitter.

25. The method of claim 24, wherein determining second information
further comprises using a function that quantizes the channel state information and the
first information into the second information, wherein the second information

comprises one of a predetermined plurality of bit combinations.

26. The method of claim 25, wherein the buffer stores packets, the function

uses selection of thresholds vy, 1 £ I < k& < L, where g, is the first information, L is

a number of packets for a chosen buffer size, y: is channel state information, such that

during time-slot 7, [ packets are transmitted from the transmitter to the receiver if

g, =k and i1 <ve <7Yigw1-
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27. The method of claim 24, wherein the first information comprises Ny

bits, the second information comprises N, bits, a chosen size of the buffer is L, and Ny

and N are chosen to meet (1 + 1‘%—“1) <M,

28. The method of claim 24, wherein:

the first information is determined through a first function;

determining second information further comprises using a second
function that determines the second information by using the first information and the
determined channel state information;

a number of packets is communicated from the transmitter to the
receiver through the channel and is communicated using a transmission power;

the number of packets is determined using a transmission rate;

the transmission rate and transmission power are determined through

use of a third function.

29. The method of claim 28, wherein the first, second, and third functions
are performed so as to achieve a desired delay constraint for packet traffic on the

channel.

30. A receiver comprising a reception portion, a channel estimator, and a
circuit, the reception portion receiving first information from a transmitter, the first
information corresponding to a condition of a buffer of the transmitter, the channel
estimator determining channel state information for a channel from the transmitter to
the receiver, the circuit determining second information using the first information
and channel state information, the determination of the second information performed

so that a desired delay constraint for packet traffic over the channel is achieved.

31. The receiver of claim 36, further comprising a transmission portion

that communicates the second information to the transmitter.

32. The receiver of claim 31, wherein the circuit that determines the

second information further comprises a channel quantizer that quantizes the channel
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state information and the first information into the second information, wherein the

second information comprises one of a predetermined plurality of bit combinations.

33. The receiver of claim 32, wherein the buffer stores packets, the
quantizer uses a function to quantize the channel state information and the first
information into the second information, the function uses selection of thresholds v,

1 <1<k < L, where §, is the first information, L is a number of packets for a chosen

buffer size, y, is channel state information, such that during time-slot ¢, / packets are

transmitted from the transmitter to the receiver if ¢, =k and yi; <yt <71

34. The receiver of claim 30, wherein the first information comprises Ny

bits, the second information comprises Np bits, a chosen size of the buffer is L, and Ny

and Nj are chosen to meet (1 + L(L“))< V¥

35. ‘ The receiver of claim 30, wherem
the first information is determmed through a first function;
the circuit that determines second mformat1on further comprises a
channel quantizer that uses a second function that determines the second information
by usmg the first information and the determmed channel state information;
a number of packets is commumcated from the transmitter to the
- receiver through the channel and is communicated using a transmission power;
the number of packets is determined qsing a transmission rate; and
the transmission rate and transmission power are determined through
use of a third function; and |
wherein the first, second, and third functions are performed to achieve

the desired delay constraint for packet traffic on the channel.

36. A receiver comprising:

means for receiving first information corresponding to a condition of a

buffer in a transmitter;

means for determining channel state information for a channel from the

transmitter to the receiver;
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means responsive to the first information and the determined channel

state information for determining second information; and

means for communicating the second information to the transmitter.

37. The receiver of claim 36, wherein the means for determining second
information further comprises means for quantizing the channel state information and
the first information into the second information, wherein the second information

comprises one of a predetermined plurality of bit combinations.

38. A method comprising:
step for receiving first information corresponding to a condition of a

. . {
buffer in a transmitter;

step for determining channel state information for a channel from the

transmitter to the receiver;

using the first information and the determined channel state

information, step for determining second information; and

step for communicating the second information to the transmitter.

39. The method of claim 38, wherein the step for determining second |
information further comprises step for quantizing the channel state information and
the first information into the second information, wherein the second information

comprises one of a predetermined plurélity of bit combinations.

40. A signal bearing medium tangibly embodying a program of machine-
readable instructions executable by a processing apparatus to perform operations
comprising:

receiving first information corresponding to a condition of a buffer in a

transmitter;

determining channel state information for a channel from the

transmitter to the receiver;

using the first information and the determined channel state
information, determining second information; and

communicating the second information to the transmitter.
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41. The signal bearing medium of claim 40, wherein determining second
information further comprises quantizing the channel state information and the first
 information into the second information, wherein the second information comprises

one of a predetermined plurality of bit combinations.

42, A method comprising:

gathering channel state information statistics and transmission rate
statistics for a channel between a transmitter and a receiver;

performing the following using the channel state information statistics

and transmission rate statistics:

determining a first function used to calculate first information
based on a condition of a buffer of the transmitter;

determining a second function used to calculate second
information based on channel state information and the first information;

determining a third function used to calculate transmission
power and transmission rate based on the second information and the

condition of the buffer.

43, The method of claim 30, further comprising communicating the first
and third function to the transmitter and communicating the second function to the

receiver.

44, The method of claim 42, wherein:

the condition comprises g, ;

the first function comprises g, = e(q,);

the second function comprises 7, = g(y,, c},), where the channel state
information comprises ¥, ; and

the third function comprises P, = f (q, ,7,), where transmission power

comprises P, and transmission rate is also determined using £(g,,7,)-
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45. The method of claim 44, wherein e(-), (), g() are determined
through:
nin I1 given E[P]< P,, where IT is a probability of buffer overflow,
18,¢

and F, is a maximum power of the transmitter.

46. The method of claim 42, wherein:

the condition comprises g, ;

the buffer stores packets;

the first function comprises a thresholding function that determines g,
from g,, the second and third functions use selected thresholds yiy, 1 </ < k<L,

where L is a number of packets for a chosen buffer size, y; is channe] state

information, such that during time-slot #, / packets are transmitted if g, =k for the

second function, if g,=k for the third function, and v <ye <Y1 Yip 1 S 1< k< L
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