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ABSTRACT

In this abstract, we propose a study on joint rate-and-power
allocation problem for multi-channel spectrum sharing net-
works (SSNs). We formulate this cross-layer optimization

problem as a non-cooperative potential game G jrp4 in which

each user has a coupled two-tuple strategy, i.e., simulta-
neous rate and multi-channel power allocations. A multi-
objective cost function is designed to represent user’s aware-
ness of both QoS provisioning and power saving. Using the
game-theoretic formulation, we investigate the properties of
Nash equilibrium (N.E.) for our Gjrpa model, including
its existence, and properties of QoS provisioning as well as
power saving. Furthermore, a layered structure is derived
by applying Lagrangian dual decomposition to Gyrpa and
a distributed algorithm is proposed to find the N.E. via this
structure.

1. INTRODUCTION

The fast development of wireless communication systems
with heterogeneous Quality of Service (QoS) requirements
and various device capabilities entails a great demand for
dynamic access mechanism to the valuable spectrum re-
source in a flexible, efficient and economical manner. Among
all kinds of dynamic spectrum access (DSA) mechanisms’,
spectrum sharing which allows different users freely access
to some common spectrum under their mutual interference
limited, has attracted a lot of research interests during the
recent years. A typical example for this sharing mechanism
is the horizontal coexistence of Wi-Fi and Bluetooth systems
in ISM band without harmful mutual interference.

Although gaining advantages of easy and flexible imple-
mentation, naive design of the spectrum sharing mechanism
will result in inefficient spectrum utilization for the whole
network, e.g., users are designed to blindly maximize their
own transmission rates. Motivated by this consideration, we
propose to study the joint rate-and-power allocation prob-
lem for multi-channel spectrum sharing networks (SSNs)
with both QoS provisioning and power saving. We formulate
this cross-layer optimization problem as a non-cooperative
game Gyrpa where each user simultaneously arrange its
rate and power allocations in order to achieve its target QoS
as exactly as possible and minimize the power consumption
at the same time. Specifically, we describe the SSNs sce-

!Three categories of DSA mechanisms have been classified at
present including: Fxclusive usage mechanism, Hierarchical
access mechanism, and Spectrum sharing mechanism.
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Figure 1: Network Model. N pairs share a common
set of K channels.

nario and game-theoretic formulation Gyrpa in Section 2.
We discuss the properties of N.E. for Gyrpa in Section 3.
A layered structure is derived by applying dual decomposi-
tion to Gyrpa in Section 4, and a distributed algorithm is
proposed to find the N.E. via this structure. We conclude
this abstract in Section 5 and point out our future work.

2. NETWORK MODEL AND GAME
THEORETIC FORMULATION

We consider a multi-channel SSN as shown in Figure 1,
where a set of transceiver pairs®> N' = {1,2,..., N} share a
common part of spectrum B equally divided into a set of
K = {1,2,..., K} channels. Each pair ¢ € N consists of a
transmitter 7'X; and an intended receiver RX;. We assume
that each pair i has a target QoS represented by target data
rate R at link layer, and pair i aims to achieve its Ri*"
as exactly as possible and minimize the power allocation at
the same time. Due to the co-channel interference among
pairs, we formulate this multiuser joint rate-and-power allo-
cation problem as a non-cooperative game with the formal
description given as follows:

Girpa = {N, {xi}ien, {Witien} (1)

where N denotes the set of coexisting pairs. x; and ¥; rep-
resent pair i’s strategy space and cost function respectively.

We design the multi-objective cost function ¥; to indicate
each pair i’s awareness of both QoS provisioning and power
saving as follows:

r; — REOT > p¥
U, (rs, ps) :ai(wf‘Fﬁi(%) (2)

where the two-tuple expression (r;, p;) includes pair i’s rate
allocation r; and power allocation vector p; = (pl1 D2, pf()

*We use ‘pair’ and ‘user’ interchangeable in the following.



over the K channels. P;"*® denotes user i’s power capac-
ity. «; and (; represent pair i’s weighting factors on QoS
provisioning and power saving respectively.

In Gyrpa, due to the co-channel interference, each pair i’s
strategy space x; is coupled with all the other pairs. Specif-
ically, the strategy space of pair ¢ can be expressed as:

Xi(p—i) = {(rs, ps) € AT x Q|rs <> ®F(pf,pE)} (3)

ke

= {r; € RIR™™ < r; < R™7"} is pair i’s rate allo-
cation range, where R™"™ and R denote the practical
lower and upper bound of pair i’s data rate. QF = {p: €
RK|Zkerf < PMOT pmink < pf < pmaz, vk € K} is
pair i’s power allocation range, where pmin® and pmaz? de-
note the practical lower and upper bound of pair i’s power
allocation on channel k. The constraint

re <Y ®F(pf,pt) (4)
ke

guarantees pair ¢’s rate allocation r; can’t exceed the max-
imum achievable data rate according to its power alloca-
tion p;, given all the other pairs’ power allocations p_; =

(P1, P2, -y Pi—1, Pit1, ---, PN) fixed. Meanwhile, on each chan-
nel k € KC, ®* has the channel capacity formula as:
B k2 11
} (pi, i) = 7 log(1 + pni ) (5)

where nf = Zj;ﬁi,je./\/’ pfg;“i +n¥ is the power of interference
plus noise perceived by RX; over channel k. gfl is the chan-

nel gain from TX; to RX; over channel k3. n¥ is the power
of background noise of pair i over channel k. Based on (3),
the whole strategy profile space x for Gyrpa is:

TN, PN)|(ri, pi) € QF x QF Vi € N
re <y @F(pf,pk), Vi e N}

kel

X = {(r17p17r2’p27 ety

Given p_;, each pair ¢ € N faces a joint rate and multi-
channel power allocation problem as follows:
min U (ri, pi) (6)
(ri;pi)Ex(P—i)
According to the definition of Nash Equilibrium (N.E.), the
equilibrium rate and power allocation profile (r*,p*) for
G srpa should satisfy the following equilibrium condition:
(ri,pi) =arg  min _ U(ri,p;),VieN  (7)
(ri,pi)ex(P™;)
which guarantees that no single pair has the incentive to
deviate from N.E. unilaterally.

3. PROPERTIES OF N.E.

We characterize our Gyrpa as an exact potential game
with potential function % (r1, p1, ..., "N, PN) =
Therefore, exploiting the desirable property of potential game,
we describe the existence of N.E. for Gyrpa as follows:

Lemma 1[1]: There always exists a pure strategy N.E. for
G rpa on the strategy profile space x if a; > 0,8; > 0,Vi €

3We consider a relative static network in this abstract, i.e.,
the set of channel gains gﬁv,Vi, j € N,Vk € K keeps un-
changed during the time interval of interest.
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Figure 2: Layered Structure of G rpa

Furthermore, still based on the property of potential game,
the uniqueness of N.E. for G jrpa follows if the strategy pro-
file space x is a convex set. An another important property
of Gyrap is that after arriving at the N.E., each pair ¢ can
get a balance between QoS provisioning and power saving
according to its value of g—: Specifically, no pair will get re-
dundant data rate beyond its target and no power is wasted
to get unwanted data rate. We describe these two points in
the following lemma.

Lemma 2[1]: The following two properties always hold at
the N.E. of Gyrpa: (a) r] = >, cx OF (p*, p*%),Vi € N;
(b) R™"™ < rf < RI".Vie N.

4. LAYERED STRUCTURE AND
DISTRIBUTED ALGORITHM

The two-tuple strategy of coupled rate and power alloca-
tions (3) differs our Gyrpa from conventional game models,
and is generally difficult to deal with when designing a dis-
tributed algorithm to approach the N.E.. Therefore, we ap-
ply Lagrangian dual decomposition to relax the constraint
(4) and use the corresponding dual price z; as a coordinator
between rate allocation and power allocation for each pair 3.
Figure 2 shows the layered structure we get after decompo-
sition. Specifically, each pair i’s optimization problem (6) is
vertically separated into two subproblems as follows:

(a) Rate allocation with QoS provisioning in link layer

_ ptar
ri(z:) = arg min, ozz( R

min, o(~ gy )" + 2 (®)

(b) Power allocation with linear pricing in PHY layer
2kek pz

1) = arg minp /37,( Pmaz Z @ pl 7p (9)
P; €LY keEK

pi (zi, p-

Subproblems (a) and (b) are connected by the dual problem:

max Di(z:) = max Li(ri (2:),pi (21, P-i), 2i) (10)
For any given p_;, strong duality exists between each pair i’s
primal problem (6) and dual problem (10). Therefore, the
optimum solution for (6) can always be found by solving
(10) without any performance loss.

We note in (9) that each pair #’s optimal power allocation
p; (zi, p—i) also depends on other pairs. Given a dual vec-
tor z = (z1, 22, ..., 2N ), the PHY layer multi-channel power
allocation problem can be considered as a non-cooperative



All pairs update their rate allocations
at the beginning of i-th long interval

All pairs update their dual variables
at theend of I-th long interval
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All pairs engage in weighted power allocation game during the I-th long interval.
All pairs update their power allocations at the beginning of each short interval

Figure 3: Rate, Power and Dual Updating in AT

game with linear pricing mechanism as follows:
) = {N Q] bien, {i(2i) ien'} (11)

In Gwpa(z), each pair ¢ has an independent strategy space
only determined by its power allocation range QF, and its
cost function can be written as:

dokek pl
P77L(l‘L

Gwpa(z

©i(2i, Pi, P-i) = Bi( 5 — (12)

Z¢ pl? kl

ke

where the achievable data rate ), . OF (p¥, p*,) is weighted
by the dual price z; to indicate its QoS awareness and a lin-
Srex PY

Pmu.:::

ear pricing mechanism [; is included to address its

consideration on power saving. We describe the properties
of N.E. for Gwpa(z) as follows:

Lemma 3[1]: (a) There always exists a pure strategy N.E.
for Gw pa(z) on the strategy profile space QF = Qf x Qf x
X QJI\), for any given dual vector z = (z1, 22, ..., 2n) > 0 and
pricing vector 8 = (f1, B2, ..., Bn) > 0. (b) Furthermore, if
the channel gains satisfy that p(G*) < 1,Vk € K, where p(.)
denotes the spectrum norm and for each k& € IC, the N by
N matrix G is defined as:

[gk]ij—{ gk’ ifi1#7

0, otherwise

then there exists a unique pure strategy N.E. on QF for
Gwpal(z).

We propose a distributed algorithm to find the N.E. for
G rpa based on the layered structure in Figure 2. To fa-
cilitate the proposed algorithm, we assume synchronization
among all pairs and design two different time scales for rate
and power updating. Specifically, let AT denote the long up-
dating interval for both link layer rate allocation and dual
updating. Meanwhile, let At = AT /M denote the short up-
dating interval for PHY layer power allocation, where M is
a sufficient large number such that for any given dual vec-
tor z, the equilibrium power allocation for Gw pa(z) can be
reached before the end of AT. Figure 3 shows the proce-
dures of rate, power allocation and dual updating in a single
AT. Our algorithm is described in algorithm (DRPA).

S. CONCLUSIONS AND FUTURE WORK

We propose a study on the joint rate-and-power allocation
problem for SSNs with both QoS provisioning and power
saving. We formulate this cross-layer optimization as a non-
cooperative game where each user simultaneously arranges
its rate and power allocations to achieve its target QoS as
exactly as possible and minimize the power consumption

at the same time. Our future work to continue this study
include:

e study on the convergence performance of our proposed
algorithm (DRPA), especially its robustness to the
asynchronous impact and limited value of M for PHY
layer power iteration.

e investigation in the individual user’s intrinsic perfor-
mance tradeoff between QoS provisioning and power
saving under the condition of multiuser co-channel in-
terference.

e analysis of the efficiency of our Gyjrpa model and the
price of anarchy induced by users’ selfish behavior.

e study on the advantages of both QoS provisioning and
power saving awareness in our Gjrpa model, com-
pared to the conventional greedy transmission rate max-
imization model.

Distributed Rate and Power Allocation (DRPA)
Initialization Step:

Each pair ¢ € N initializes 7;(s0) € QF, zi(s0) > 0 and
pi(to,n) € QF, where we set to,0 = so

Iteration Process:

(a) Best Response for Rate Allocation:

Given z;(s;), each pair ¢« € N updates r; at the beginning
of I*" long updating index s; = so + 1 * AT,1 =0,1,2, ..., as
follows:

(R")?
2042‘

Rmaa:

zi(s1)] gynin

ri(s) = [Ri"" — (13)

(b) Jacobian Iteration for Power Allocation:

Given dual vector z(s;), all pairs participate in Gwpa(z(s:))

during the I'" long updating interval. Specifically, during

the I AT each pair i € N updates p; at the beginning of
" short updating index tim =si+m*xAt,m=0,1,...,. M

as follows: (Initialize pf(t10) = pF(ti_1.0), Yk € K)

zi(s1)
() + Mlti)

pf(tl,M) = [

k mzn
9ii P

and A;(t1,m) is the optimal dual variable for pair i’s power
capacity constraint at the index t; ,,, which satisfies that:

Y pitm) =0,Vie N
ke

(c) Subgradient Updating for Dual Vector:
Each pair i € N updates z; at the end of I*" long updating

index as follows:
Z OF (p¥ (ti,m)
keEK

Ai(tim) >0, N(t,m) (P —

zi(s141) = [zi(s1) + Ci(ri(s1)

(d) Repeat Steps (a), (b) and (c) until convergence
End of Algorithm
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