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Abstract

It has been well recognized that channel state informat@#i) feedback is of great importance for
dowlink transmissions of closed-loop wireless networkswever, the existing work typically researched
the CSI feedback problem for each individual mobile sta{idi$), and thus, cannot efficiently model the
interactions among self-interested mobile users in theordtlevel. To this end, in this paper, we propose
an alternative approach to investigate the CSI feedbaeka@ttrol problem in the analytical setting of a
game theoretic framework, in which a multiple-antenna ksiagon (BS) communicates with a number
of co-channel MSs through linear precoder. Specificallyfivgt present a non-cooperative feedback-rate
control game (NFC), in which each MS selects the feedbadk t@tmaximize its performance in a
distributed way. To improve efficiency from a social optimpaint of view, we then introduce pricing,
called the non-cooperative feedback-rate control gamb pitce (NFCP). The game utility is defined
as the performance gain by CSI feedback minus the price asearlifunction of the CSI feedback
rate. The existence of the Nash equilibrium of such gameswvisstigated, and two types of feedback
protocols (FDMA and CSMA) are studied. Simulation resutisvg that by adjusting the pricing factor,
the distributed NFCP game results in close optimal perfacaacompared with that of the centralized

scheme.
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. INTRODUCTION

The increasing demands for fast and reliable wireless camwations have spurred development of
multiple-antenna systems in order to efficiently harvest ¢hpacity gaind [1]/]2]. Recent information-
theoretic research indicates that a feedback channel cdaortber employed to furnish channel state
information (CSI) to the transmitter side, which may affetdsed-loop capacity gains/[3]. With some
form of knowledge of the wireless channel conditions, trensmitter can adapt to the propagation
conditions by the use of a variety of channel adaptive teqas [4]. Specifically, in a multiple mobile
station (MS) scenario, with the knowledge of the channel @arhy co-channel MSs, it is possible to
actively suppress the signal to the interfered users andwigke maximize the effective signal poweér [5].
In this case, the base station (BS) can obtain the requiradnei coefficients through a feedback channel
from the MS. Then, mechanisms such as multiple-antennagireg can be utilized to mitigate the effects
of co-channel interference and exploit spatial dimenstoriscrease the capacity of wireless netwofKs [6].

Since CSI is essential for closed-loop wireless commuitinasystems, the techniques on how to
effectively feedback CSI from the transmitter to the reeeilias been intensively studied [3]/) [4]. As
perfect feedback of CSl is typically unavailable due to ctemity or practicality constraints, the infinite
feedback of CSl is hard to realize in practice. Thereforés itmportant to investigate how to control
the amount of feedback signalling overhead according tartiigidual requirements in order to achieve
good quality of service (QoS). As a result, CSI feedback wstrol problem has attracted lots of
attention in recent years|[5],1[7]. Inl[8], the quantizeddback approach for power-control is designed
to minimize an upper bound of multiple-input-single-outfISO) systems. Recently, two specific forms
of partial feedback, namely, channel mean feedback [9] &adiel covariance feedback [10], have been
investigated for slow-varying and rapidly varying MIMO atreels, respectively.

The existing work typically treated each MS independeiathg researched the multi-MS CSI feedback
problem in physical layer, e.g., from either communicat@ninformation theory point of view. This

cannot efficiently model the interactions among self-iested mobile users in wireless systems [3], [5].



If the feedback channel is limited, there exists conflicteffiective CSI feedback rates between each MS.
If one MS transmits too much CSil, it will result in the redactiof the rest MSs’ CSI feedback amounts,
and thus, degrade the others’ performance. Hence, it wildsérable to sort out the competition problem
by finding a balance in this multi-MS feedback scenario, am@mvhile achieve better QoS.

Game theory[[11],[[12] offers a set of mathematical tools ttadg the complex interactions among
interdependent rational players and predict their chafesrategies [13]:[15]. In this paper, an alternative
approach to the feedback rate control problem in wirelesdegys based on an economic model is
proposed. In this model, each MS’s preference is repregdnte utility function, which quantifies the
level of satisfaction a user gets from using the system ressU16]. Each player in the game maximizes
a utility function in a distributed fashion. The game seattlt a Nash equilibrium if one exists. Since
users act selfishly, the equilibrium point is not necesgdnié best operating point from a social point of
view [17]. To achieve a more socially desirable result, a @dul tool by pricing the system resources
can be introduced, which is able to guide user behavior vweamore efficient operating point [16],
[a7).

To the best of our knowledge, the game-theoretic methodfirateapplied to study CSI feedback rate
control under this economical model. Specifically, we itigage the scenario in a single-cell wireless
data network, where a multiple-antenna BS communicatds avitumber of co-channel users through a
minimum mean square error (MMSE) precoder and each ussrttrimaximize its own utility. Two types
of feedback protocols, FDMA and CSMA, are investigated. €ase of understanding, we first present
a noncooperative feedback rate control game (NFC), whidim@ges individual utility in a distributed
fashion. While the resulting noncooperative feedback caetrol game has a Nash equilibrium, it is
inefficient from a social point of view. Therefore, we furth@troduce pricing to create cooperation
between each MS in order to improve efficiency, called thecnoperative feedback-rate control game
with price (NFCP). The price function is a linear functiontbe CSI feedback rate that also allows a

distributed implementation by broadcasting the price ardwidth from the BS to all the MSs. It shows



that there exists an equilibrium in the proposed NFCP. Sitian results indicate that by adjusting price,

NFCP provides better overall utility than NFC. In additidime distributed NFCP game approach achieves
near optimal performance compared to the centralized sehamd thus, improves the overall throughput
of wireless data networks.

The rest of the paper is organized as follows: In Section d,imroduce some preliminaries, including
the system model, the multiple access protocols, and C8bfak rate model. In Section Ill, we describe
the MMSE precoder, and some properties by using the CSI &etdiate model. The proposed NFC and
NFCP algorithms are described in IV. Simulation results @n@vided in Section V. In Section VI, we
draw the main conclusions. Some derivations are given irapipgendixes.

Notation: Boldface lower-case letters denote vectdrs,, (-)7 and(-)” represent conjugate, transpose,

and conjugate transpose, respectivély?> = x”x, and Var[z] represents its variance.

[l. PRELIMINARIES

In this section, we first give the system model. Then two typefeedback channels are discussed.

Finally, the CSI feedback rate model is illustrated.

A. System Model

In this paper, we consider a system in which a number of conoblaMSs are served by one BS. The
architecture is depicted in Hig.1. The BS is assumed to khewinear processing performed by the MSs,
which can acquire the required CSI through a feedback chdrome the MSs. Using multiple antennas
at the BS of a cellular system, transmit precoding can beopedgd for simultaneous transmission to
several co-channel mobile users. The precoder is desigsgdring a stationary scenario in which the
fast (Rayleigh) fading is described by its second order @rigs. We also assume narrow-band signals
without any time dispersion, i.e., the channel fading igjfrency flat. For simplicity, we assume every
MS is equipped with a single receive antenna. We assumehtaatyistem works in a FDD model, where

the BS hagV; transmit antennas serving, MSs simultaneously in the same frequency band, while each



MS feeds back the CSI through different channels in orderetibeb protect the control information by
avoiding collisions.
For the k-th MS, the input signaly;, is first precoded by complex weights, € CY:*! before

transmitted from theV, antennas at the BS. The corresponding output can be writen a
Sk = Wik, 1)

wheres;, € CNex1,

The received signal at theth MS can be then expressed as
Ns
Yk = hg Z S; + Nk

i=1

N,
T H
= h;, E W, T + ng
i=1

Ns
= hckrwkwi + htkr Z Wix; + Nk, (2)
i=1,i#k
wherehy, = [hy g, ... ,hNt’k]T e CN*1 represents the channel coefficients from the BS toktitle MS

with zero mean and unit variance;, is the AWGN noiseCN (0, Ny), h{wkxk is the desired signal,
and h]’ Zi&l,i;ﬁk w;x; can be treated as the interference. Note that the model caly éa extended
to frequency selective channels, taking both co-channetfarence and inter-symbol interference into

account|[[6].

B. Two Multiple Access Models

In this subsection, two multiple access protocols for thénkpare presented. For simplicity, in the
downlink, the BS simultaneously serves multiple co-chammbile users by performing precoding, while
in the uplink two standard multiple access protocols araréead for CS| feedback. We assume that the
total system bandwidth i3, and the bandwidths for downlink and uplink transmissiores i35, and
By, respectively. Then, we have

B =DBpr+ Byr. 3



1) Frequency Division Multiple Accessthe BS serves MSs simultaneously in the same frequency
band, while each MS feeds back the CSI through orthogonairas, i.e., frequency division multiple
access (FDMA), in order to better protect the control infation by avoiding interference.

Recalling [11), the uplink bandwidth can be then calculasd

N,
ByL =8 7, 4)

k=1

where 5 denotes a scaling factor to transform the uplink CSI feekllrate into bandwidth. And the

downlink bandwidth can be expressed as

N,

Bp,=B-By,=B-8) (5)
k=1

2) Carrier Sense Multiple Acces&ikewise, the BS serves MSs simultaneously in the same énecy
band, while each MS feeds back the CSI through Carrier Send@pld Access (CSMA), which can
listen to channel before transmitting a packet to avoid tradable collisions. Sender retransmits after
some random time if there is a collision. For efficiency, ®lotCSMA is considered: Time is slotted and
a packet can only be transmitted at the beginning of one Skmder finds out whether transmission was
successful or experienced a collision by listening to theKAACK broadcast from the receiver.

Without loss of generality, we consider the slotjegersistent CSMA in[[18], which can be described

by the following steps:

« If the channel is idle, transmit with probability, and delay for worst case propagation delay for
one packet with probability — p;

« If the channel is busy, continue to listen until medium beesndle, then go to Step;

« If transmission is delayed by one time slot, continue witbpSt.

For slottedp-persistent CSMA, the throughpu$) is given by [18]:

LG = p)F 4 aft = (1 p)*H]) - exp (G(1— p) 1+ aGl-(k +1) + ZPE)) ©

(14 a)-exp(G(l+a))+ad o, exp (G(1 —p)k +aG[-k + 1—(1;10)’““])

S

wherea = 7, 7 is the propagation delay[’ is the packet transmission time, adl is the offered

load (overall rate). By CSMA, each user tries to adjust itguested feedback rate. over the uplink



bandwidth B ;. However, if the overall rate is too high, due to the randomeas nature, the network

would be congested. As a result, the accurate zatef userk will reduce a lot. From[[19], we have

%7 if GSG(M

(7)

2Tk, T k) = _
0, otherwise,

where the overall rat&r = >, 7, and Gy is the maximum network payload. Similarly, the downlink

bandwidth can be calculated as thatlih (Byy, = B — 525;1 The

C. CSI Feedback Rate Model

In a closed-loop wireless communication system, the MS si¢gedeed back the quantized CSI back
to the BS to perform transmit precoding. For simplicity anithaut loss of generality, we here use the
equivalentguantized feedback chanrg} transforming the real channel matrix in terms of feedbat&
and distortion. We consider a limited and lossless feedishekinel. Through CSI quantization, the real

channel output for thé-th MS, denoted by, can be modeled as [20]
h; = hy, + nj, (8

whereh,, € CV+*! represents the quantized feedback channel output withrzeam and — D,, variance,

n, € CV+*! is an independent additive noise matrix with each entryesponding to an i.i.d. Gaussian
variable with distributionCA/ (0, Dy.), and Dy, represents the channel quantization distortion constrain
Note thath;, andn, are mutually independent. Due to imperfection in the feelllmnannel, the quality
of the feedback information can be measured by the distodio the sourcé, from its representation
hy, which is defined by

Dy, = |y, — hy[*. ©)

Lemma 1:Given distortion rateD,, the quantized CSI can be modeled as
hy, = phy + vny, (10)

wherep = 1 — Dy, the elements oh, € CV+*! are i.i.d. Gaussian variables with distributiénv (0, 1),

andv = /Dy (1 — D). The detailed derivations gf andv is given in Appendix A.



Based on the Shannon’s rate-distortion theory of contisteraplitude sources, the rate-distortion

function of a zero-mean and unit variance complex Gaussiarcs is given by/[[22]

1
e = log, (D—k) , (11)

where r; represents the feedback rate of ugert can be observed il (1) that whdp, = 1, i.e.,
completely distorted, the feedback rate is equal to zerdewh, — 0, this requires the infinite feedback
rate to realize the undistorted CSI.

Substituting[(111) into[(110), the quantized CSI matiix, can be expressed as a function of the feedback

rate,r;
hy = (1 —27")hg + /277 (1 — 27"%)n,, (12)

which clearly connects the feedback ratg, with the quantized CSh, in order to reveal its impact on

system performance. After normalization,](12) becomes

hy = /1 —27"th; + V2 "*n,, (13)

which can be used to perform precoding at the BS side.

I1l. TRANSMIT PRECODING WITHLIMITED CSI FEEDBACK

In this section, we first present transmit precoder impleleat BS, and then discuss a few properties

of limited CSI feedback.

A. Minimum Mean Square Error Precoder

For simplicity and without loss of generality, we just calesi the conventional MMSE based precoder
design, and other advanced precoding approaches can hi¢y rapglied in this paper. The received

signals in [(2) can be rewritten in a matrix form
y = HWx + n, (14)

wherey = [y1,...,yn.]T € CN*1 H = [hy,...,hy |7 € CVNe W = [wy,...,wy,] € CNexNe,

andn = [nq,...,ny, |7 € CN-x1,



In this section, we demonstrate that the following form foe precoder
wW=KHE @H +yI), (15)
with two free scalar parameteds and+, is a general form for an optimal linear precoder, dd=
hy,...,hy |7 € CN-xNe, By varying the choice of these parameters, optimality carathieved with
respect to a variety of criteria that have been considerddeititerature. In general{ is a normalization
constant used to comply with the unit transmit power coindt@veraged over data symbols), and it can

be expressed as

K=||T]|™, (16)

where T = ﬁH(ﬁ 5 yI)~! represents the unnormalized transmit precoder. The otaemngeter,
1, is typically a regularization parameter. Maximizing theeege SINR under flat fading, which is the
same for all MSs due to the assumption of symmetry in theiligton of the channel matrix, and taking
N; and N, (which in this context, is the number of transmit antennawel as the number of MSs with

single antenna) large, the optimalcan be expressed as the following general fdrm [21]
¥ ~ SINR™L. (17)

Note that although) was solved for the equal SINR case inl[24],is really a tunable parameter that
can be optimized for other criteria. By settingg= 0, (I5) becomes the simplest and the most common

zero-forcing (channel inversion) precoder
w=kE " @H"H" (18)
Recalling [2), the signal to noise plus interference raBiNR) of thek-th MS can be written as

| hfwy |2

e N, .
| i 3055 i Wi |2 Ny

Vi (19)

Its corresponding throughput can be expressed as

Ck(vk) = Bprlogy(1 + k). (20)



B. Analysis of the CSI feedback impact

Since the precodéW is designed by the feedback C$I, optimal performance using the MMSE rule
can be achieved whern, — +oo, for Vi € [1,..., Ng]. We in this subsection present a few properties of
(19) based on the CSI feedback:

1) ~, is continuous and monotonic increasingrin

Proof: It is obvious in [19) thaty, is continuous inr,. In addition, from [(1R), we can see
that the increase ofy, i.e. the decrease db;, improves the amount of the feedback CBi, This
enhances the accuracy of the constructed precedgrand thus, increases the valueSiNR;. B

2) lim ~; = e, Whereg, is a constant.

TE—+00

Proof: Given r; (for Vi € [1,...,Ns], buti # k), we haverkl_iglooﬁk = hy. Hence,v;
converges to a constant when the feedback rate is large bnoug |
In 1), it implies that the feedback rate,} of every MS should be as large as possible. However, if using
orthogonal channels in Subsection-1I-C-1), this will reduhe downlink bandwidth and then decrease
the system throughput. By adopting the CSMA protocol in $ghen-11-C-2), this will results in more
collisions in the uplink, and degrade the effective feedllvate. Obviously, there exists a trade-off between

feedback raterf;) and system throughpu€,(vx)) in both uplink multiple access protocols. Notice that

these properties will be reused to prove the existence oNHEP equilibrium in Subsection-IV-B.
IV. NONCOOPERATIVEFEEDBACK CONTROL GAME FOR CHANNEL STATE INFORMATION

In this section, we first define the utility function. Then, describe the noncooperative CSI feedback
control game. Next, we use the pricing method to improve tdopmance of the proposed game. the
convergence to the Nash equilibrium is also proved. Fipallg construct a centralized solution for

performance comparison.

A. Utility Function

The concept of utility is commonly used in microeconomicd agfers to the level of satisfaction the

decision-taker receives as a result of its actions. MSssacaewnireless system through the air interface
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that is a common resource and they transmit information edipg bandwidth resources. Since the air
interface is a shared medium, each MS’ transmission is acecnfr competition for others. SINR is an
effective measure of the quality of signal reception for Wieeless user [22]. An MS tries to achieve a
high quality of reception (throughput in this paper) whiketlae same time expending a certain amount
of system bandwidth to feedback CSI. Obviously, the CSI fae#t rate determines the accuracy of the
precoder, and thus, affect the system throughput. Thexefbis possible to view both throughput and
the CSI feedback rate as commodities that a wireless useesleShe utility function of thek-th MS

can be expressed as

uy, = Ci (k) = Bpr loga(1 + ). (21)

Utility as defined above is the throughput conditioned on thedback bit. Note that ifr, = 0,
omnidirectional transmission instead of precoding shaadised which results in minimum value Gf.
This suggests that, in order to maximize utility, all usershe system should feed back a certain amount
of CSI. For orthogonal feedback channels [ih (5), when the uarnhof feedback increases, downlink
bandwidth,Bp,, will decrease, and thus reduce the system throughput. Mffard to CSMA, when the
network payload increases, more collisions happen andecuesitly the average delay for each packet
increases. Any network payload larger th@p in () will cause an unacceptable average delay. As a
result, the utility becomes zero. All these facts indicdtat tthe feedback rate should not be either too
small or too large for better utility. In other word, thereaa optimal point on how much to feedback
from each MS point of view.

Intuitively, there exists a tradeoff relationship betwestaining high throughput and requiring small
amount of CSI feedback on the condition of a total system Wit constraint. Finding a good balance
between the two conflicting objectives is the primary foctithe CSI feedback rate control component
of radio resource management. This tradeoff is illustratedugh the conceptual plot in Figl 2, where
orthogonal feedback channel is assumed. If the feedbaeknrate fixed, the terminal would experience

higher throughput as the SINR increases which leads to asex satisfaction of the use of the system
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resources. If the SINR were to be fixed (fixed throughput)dasing the feedback rate expedites uplink
bandwidth, which effectively reduces the satisfactionha tmobile terminal. For sufficiently large SINR
values, the throughput approaches zero, which results iasgmptotic decrease in utility in the high

SINR region.

B. Game Formulation

In the sequel, we first consider the noncooperative feedbaiek control game (NFC) where each
MS tries to maximize its individual utility. Lef = [N, {R}, {ur(-)}] denote the NFC wherd/ =
{1,..., N4} is the index set for the mobile users currently in the cRl, is the strategy set, ang(-)
is the payoff function of usek. Each user selects a feedback rate leyesuch thatr, € R;. Let the
feedback rate vectar = (r1,...,7n,) € R denote the user’s strategies in terms of the selected rate
levels of all the users, wherR is the set of all rate vectors. The resulting utility levet tbe k-th user
is ug(rx, r—), Wherer_; denotes the vector consisting of the other user’s stragegjteer than thé-th
user. This notation emphasizes that thth user has control over its own ratg, only. The utility of the

k-th MS with feedback rate; can be expressed more rigorously as

uk(rk,r_k) = BDL log2(1 + ’yk(rk, I'_k)). (22)

Note that [(22) demonstrates the strategic interdependeeivecen MSs. The level of utility each MS
gets depends on its own feedback rate and also on the choicthef players’ strategies, through the
SINR ~;, of that user. The efficiency function can be chosen to reptesgy precoding scheme described
in Section 1. In this paper, we assume that the strateggesp@;, of each user is a compact, convex
set with minimum and maximum rate constraints denoted:y andr"*%, respectively. For simplicity,
we let i = 0 for all k, which results in the strategy spa®g, = [0, r"®]. The utility function takes
the generic form given in Fig. 3 for fixed interference plusseo

The NFC game can be expressed as

(NFC) max wug(rg,r_x), Vk € N. (23)

rLERy
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From [23), it clearly indicates that the feedback rate thatnoizes individual utility depends on rates
of all the other MSs in the network. It is necessary to char@d a set of rates where the users are
satisfied with the utility they receive given the rate setet of other users.

NFC offers a solution to the rate control problem where no M& tcrease its utility any further
through individual effort. Thus, it is an outcome obtainesd a result of distributed decision taking,
which could be expected to be less efficient than a possildeselection obtained through cooperation
between terminals and/or as a result of centralized opdéitioia. Specifically, in the NFC, each MS aims
to maximize its own utility by adjusting its own feedbackeaabut it ignores the cost (or harm) it imposes
on the other terminals. For example, by orthogonal feedlchekinels, if one MS increases the usage of
bandwidth in order to send more CSI, it will decrease thelabbd bandwidth for other MSs. While for

CSMA, the higher feedback rate will cause the heavier golligpossibility.

C. Pricing Mechanism

To overcome this problem, we resort to a usage-based pricihgmes. By introducing a pricing factor
for the feedback CSI, we can increase system performancenplcitly inducing cooperation, and yet
we maintain the noncooperative nature of the resultingldaeki rate of the CSI control solution. Within
the context of a resource allocation problem for a closeg-Mireless system, the resource being shared
is the radio environment, and the resource usage is detedniym MS’s feedback rate. Hence, efficiency
in feedback rate control can be promoted by the proposecdedsased pricing strategy where each user
pays a penalty proportional to its usage amount, i.e. rdtéeemlback CSI.

The NFCP can be expressed as the following optimizationlenob

(NFCP) max uf(rg,r—x) = ug(rg) — ck(ry), Ve e N (24)

rLER

whereG. = [N, {Ry}, {uf.(-)}] represents &, player noncooperative feedback rate control game with
pricing (NFCP),uf (ry,r_;) is the utility for NFCP, and(r;) denotes the pricing function for theth

MS, which in this paper is restricted to linear schemes offtmm

ck(ry) = arg. (25)
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TABLE |

NFCPALGORITHM FOR EACH MS

Algorithm 1: Non-cooperative CS| feedback rate control game with a

given price o at the MS side

1. Set initial CSI vector at time = 0: r(0) = ro. Also, letk = 1;
2. For all j, such thatr; € T
x Givenr_g(7;-1), compute:

rie(1;) = argmaxy, er, U (T, *—k (T5-1)-

Here a is announced by the BS and is a constant referred to as the fadtor per feedback bandwidth.
Note that [24) also demonstrates the strategic interdeppmedbetween users, and the pricing factor
needs to be tuned such that user self-interest leads to #igbssible improvement in overall network

performance. Combining (21) and {25), the NFCP with linedeepin (24) is as follows

(NFCP) max uf(ry) = Bprlogy(l + ;) — arg, Vk € N. (26)

r.ER

By considering the NFCP algorithm ih_(26), given a sequence of rates can be generated in Table |.
We refer tor,(7;) as thesetof best feedback rates for theth MS at time instance in response to
the interference vector_j(7;_1). For the network level algorithm for each value @f we may first
run the NFCP wherv = 0, which is equivalent to the NFC described [n](23). Once theilibgium
with no price is obtained, the NFCP is played again afterenm@nting the price factoty, by a positive
value, Aa. Algorithm[] returns a set of CSl rates at equilibrium withstialue of the price factor. If the
utilities at this new equilibrium with some positive pricmprove with respect to the previous instance,
the price factor is incremented and the procedure is rege®fe continue until an increase in results in
utility levels worse than the previous equilibrium values &t least one user. We declare the last value
to be the best price factotygzsr. The way thatoggsr is determined by the network is summarized in

algorithmic format in Tabl&]l.
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TABLE Il

NFCPALGORITHM FOR THE NETWORK

Algorithm 2: Non-cooperative CSI feedback rate control game with price
algorithm for the whole network

1. Seta = 0 and announcex = 0 to all MSs;
2. Getuy, for all at equilibrium usingAlgorithm 1, increasex := « +
Aa, and then announce to all MSs;

2. Ifuy < ug”“ for all then go to step, else stop and declargzsr = a.

D. Nash Equilibrium

In this subsection, we investigate the equilibrium of thepmsed games, at which no player can
improve its utility by changing its own strategy only. Noteat since NFC can be treated as a special
case of NFCP when = 0, it would be sufficient to declare the equilibrium existerufehe NFC if a
Nash equilibrium exists in the NFCP.

Definition 1: Arate vector = (rq,...,ry,) is a Nash equilibrium of the NPCP = [N, {Ry}, {uf(-)}]
if, for every k € N, u§ (rg,r—g) > uf(r,r_g), 1}, € Ry

There are some existing theorems to show the existence. Weneerd to prove that the proposed
game satisfies the requirements of the theorems. It has h@smns Nash equilibrium exists, fof k:

Theorem 1:A Nash equilibrium exists in the NFCE; = [N, {ry}, uf.(-)] if Vk € N:

1) r, the support domain afy(ry), is @ nonempty, convex, and compact subset of a certaindaacii

spaceR.

2) uy(rg) is continuous inr and gquasi-concave iny.

Proof: Obviously, the support domairy, which is a vector, satisfies the first condition.

To prove that (ry) is quasi-concave, it is equivalent to prove that the firsieoderivative ofuf (ry)
is @ monotonic decreasing function whose value varies frositige to negative in term of, [24]. For
convenience, leli, (ry) 2 B — 830, 71, andwy (ry) 2 logy(1+;), and thusu (ry,) = by (r)wy (ry) —

ary. The first-order derivative ofif(r;) with respect tor;, can be calculated as
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uf/ (ry) = b, (rr)wi(ry) + b (rp)wy, (re) — a, (27)

whereb, (ry) = —6.

As ~; is continuous and monotonic increasingripy proved in Subsection-1lI-C-1, it is obvious that
wg(ry) is also continuous and monotonic increasingrin i.e. wj (ry) > 0. In addition, sincewy,(ry)
is concave in term ofy, wy”(ry) < 0, which indicates thatv (ry) is a decreasing function. Because
bi(ry) is monotonic decreasing ir,, we may conclude that bothf, (ry)ws(ry) and by (ry)w) (ry) are
decreasing functions. Hence;'(r;) is monotonic decreasing ir,.

As lim -~y = g5, we may easily obtain lim w) (r;) = 0. From [2T), given the pricing factax,

TR—>=400 7E—>+00

we can then have:

. leigloui’(rk) = Bw, (ry) —a > 0;

: c/ _ _
. rkl_l)rﬂoouk (ry) = —Pwg(ry) — a < 0.
Hence,uj (ry) is a concave function, and as every concave function is qoasave,Theorem lis
proved. Finally, we prove the existence of the equilibriufrtte game, and can conclude that ga¢he

of (28) always admits at least one Nash equilibrium. [ |

E. Centralized Scheme

To compare the performance, a centralized scheme is cotedrassuming all CSI is known. The
objective is to optimize the sum rate capacity defined il @Mbject to the constraint of feedback rates:
Ns
m,f}XZ u;(r;)
i=1

Ns
s.t. B—BZn > 0,

i=1

0 <7 <7Tpax. (28)

Notice that our proposed noncooperative game theoretiedoalgorithm is distributive, in the sense that

only the price information needs to be exchanged, while #aralized scheme needs to gather all the
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information, which will cause significant signalling.

F. Implementation Discussion

There are several implementation issues for the proposgeshee Firstly, the channel estimation for the
downlink channel might not be accurate due to both fast tadind noise effects. Under this condition,
the transmit precoder formula should be rewritten consgidethe estimation inaccuracy. Secondly, the
proposed scheme needs iteratively update the price andnfatenation. A natural question arises if
the distributed scheme has less signalling than the cem@dakcheme. The comparison is similar to
distributed and centralized power control in the literaty5], [26]. Since the channel condition is
continuously changing, the distributed solution only re¢a update the difference of the parameters
such as rate and pricing factor, while the centralized sehesquires all channel information in each
time period. As a result, the distributed solution has arckvantage and dominates the current and
future wireless network design. For example, the powerrobfuar cellular networks, the open loop power
control is done only once during the link initialization, ikhthe close-loop power control (distributed
power allocation such as [25]) is perform&sh0 times for UMTS and300 times for CDMAZ2000. Finally,
for the multi-BS multi-MS case, we can use clustering mettmdivide the network into sub-networks,

and then employ the single BS-MSs solution proposed in thgep

V. SIMULATION RESULTS

In this section, we provide simulation results for the pragub distributed games. All simulations are
performed for a BPSK modulation over the Rayleigh fadingncteds with the MMSE precoder i _(IL5).
For simplicity, we assume that both the transmit power amdrbise variance are normalized to unit.

The specific parameters are given below each figure.

A. Results through Orthogonal Feedback Channels

In this subsection, we first provide simulations to evaludie impact of CSI feedback on each

individual. Here we plot the utility of MS in term of its CSI feedback rate by fixing the feedback
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rates of the rest MSs. For simplicity, we assumbISs and the CSI feedback rate of M8 r, =1, 3,
and 10, respectively. From Fid.13, we can see that when the feedbatels of other users are fixed
(fixed uplink bandwidth), the target MS will first experienbigh throughput as its CSI feedback rate
increases, which then leads to increased satisfactioneofise of the system resources. For sufficiently
large r; values, the utility of M$ begins to decrease. It is obvious that the utility functidreach MS

is a concave function in terms of the feedback rate, whichnagartially proves through simulations the
existence of equilibrium of the proposed NFCP game.

Fig.[4 is constructed by letting the algorithm in Table | tedbe Nash equilibrium at each value of
a. The best price factor can be found if all mobile users rex@mrse overall payoff than the previous
equilibrium utility according to algorithrilll. It can be alsobserved from the figure when the pricing
factor increases, the total utility and the sum rates firstease, as shown in the small window, and
then begin to decrease. It indicates that solution by NFOR wi= azrsr = 0.025 offers a significant
improvement in total utilities with respect to the NFC whenr= 0, where pricing factor is not involved.
At high pricing factor, we can see both sum utility and ratevarge to a constant value. This is because
the system stops requiring users feedback CSI as it costtmd.

In Fig.[d, we compare the proposed NFCP game theoreticabapprwith the centralized scheme.
From the simulation results, we can see that the distribst#dtion and the centralized solution are
asymptotically the same i& is in the right region. When is too large, the MSs will be reluctant to
feedback. Whem is too small, the MSs will feed back in a non-cooperative neainim Fig.[6, it shows
that the variations of the sum feedback rate as well as theidual feedback rate in term of the pricing
factor, whereBy = ﬁsz;lrk. From the figure we can see that these results match very hell t
sum rate result in Fid.]4. Whem = 0, it requires the maximum amount of feedback. But with theeori

increase, the feedback rate starts to decrease until zbiohwake the throughput dropped to minimum.
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B. Results through CSMA

For simplicity, we here consider a special case of sloptgrbrsistent CSMA by setting = 1, i.e.,
1-persistent CSMA. In Fid.]7, it shows the total throughputiaghe traffic load. It indicates that there
exists an optimal transmission rate corresponding to tharman throughput. In Fid.18, we examine the
impact of CSI feedback on each individual using CSMA. From.[8, we can see that the utility function
of each MS is a concave function in terms of the feedback ratéch again proves the effectiveness
of the proposed NFCP game. In Fid. 9, we evaluate the thraitgbgrformance in term of the pricing
factor. It shows in Fig[]9 that the proposed NFCP provides hmietter results than the NFC game.
Fig.[10 compares the proposed NFCP game with the centraideeime. From the simulation results, we
can see that the distributed solution and the centralizediso are almost the same whenis adjusted

to the optimal working point.

V1. CONCLUSIONS

In this paper, we have studied the CSI feedback rate contaillgm in a single-cell wireless data
network, where a multiple-antenna BS communicates with mbmr of co-channel users through a
MMSE precoder. Specifically, we proposed a non-cooperdéeeback-rate control game without and
with price. The price function is a linear function of the Cf8edback rate. The existence of the Nash
equilibrium of such a game is proved. Simulation resultspandormed over FDMA and CSMA protocols
in the feedback channel. It shows that the distributed NF@Regwith the proposed utility results in
improving the overall throughput of wireless data networksd the simple distributed algorithm can
provide comparative performance in comparison of the adimérd one by properly varying the pricing
parameter.

APPENDIXA

PARAMETER DERIVATIONS IN (10)

Thought channel quantizatiop, can be simply expressed by the following linear function

w=x+yDy. (29)
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The real channel outpui;, and its corresponding quantized chanhglin (I0) satisfies the following

linear extreme conditions:

« When there is no quantization errors, i.e.+~ D = 0, we have
j2=a? = 1 (30)
« When the quantization is completely inaccurate, i[&,,= 1 andx = 0, we get
p=(z+y)> =0 (31)
Combining [[30) and[(31), we may easily get= 1 — D;. Recalling [8), from[(10), we can also have
Var [hg] = Var [uhy + vng] = Var [phy] + Var [vn,] = 1 — Dy = 4 + 12, (32)
and thus, we can finally obtain= /Dj.(1 — D).
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Fig. 1. System model: One BS is serving a number of MSs by giegdbased on the CSI feedback.
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Fig. 3. The utility of MS; in term of r1, where the number a¥ISs is 2 andr. = 1, 3, 10 over orthogonal feedback channels.
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Fig. 4. Performance of NFCP over orthogonal feedback chanméere the number of MSs is 18 = 20, and 8 = 0.01.
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Fig. 5. Performance comparisons of NFCP and the centraizedme over orthogonal feedback channels, where the number
of MSs is 10,B = 20, and 8 = 0.01.
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Fig. 8. The utility of MS; in term of r; over CSMA feedback channels, where the numbeM&k is 2 andr; = 1, 3, 10.



Fig. 9. Performance of NFCP over CSMA feedback channelsyevtiee number of MSs is 10, and = 20.

Fig. 10. Performance of NFCP and the centralized scheme @8MA feedback channels, where the number of MSs is 10,

and B = 20.
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