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Abstract. In this paper, we address the end-to-end rate optimization problem in a wired-
cum-wireless network, where CSMA/CA based wireless LANs extend a wired backbone
and provide access to mobile users. The objective is to achieve proportional fairness
amongst the end-to-end sessions in the network. Since the network contains wireless links
whose capacities are not fixed quantities and depend on transmission rates of neighboring
links, the problem requires joint optimization at both the transport layer and the link
layer. A distributed algorithm is proposed in this paper to solve the rate optimization
problem. It works at the link layer to adjust transmission rates for the wireless links in
the wireless LANs, and at the transport layer to adjust session rates. It is proved rigor-
ously that the algorithm converges to the globally optimum solutions. Simulation results
are provided to support our conclusion.

1 Introduction

CSMA/CA based wireless LANs are being successfully used as the last-mile technol-
ogy in present-day pervasive computing environments: they provide sufficient bandwidth
for office applications with relatively limited mobility. Wireless LANs extend the wired
network where it is impractical or overly expensive to use cabling. In a typical wired-cum-
wireless network, mobile hosts (MHs), such as laptop computers, peripherals and storage
devices can roam in the wireless networks, called basic service sets (BSSs), which are
attached at the periphery of a wired backbone (infrastructure). The wired infrastructure
can be an IEEE 802 style Ethernet LAN or some other IP based networks.

The wired and wireless networks are inter-connected via Access Points (APs), which
are actually fixed base stations that provide interfaces between the wired and wireless
parts of the network and control each BSS. The MHs can roam from one BSS to another.
A MH within a BSS can only access the infrastructure through its AP, and it is assumed
that, in each BSS, all the MHs are within the broadcast region of that particular AP.
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There are many existing works that address the problem of rate optimization in wired
and wireless networks. The rate optimization problem in wired networks has been exten-
sively studied, e.g., [1], [2], and [3]. It is proved that the globally fair rate is attainable
via distributed approaches. There are also works that provide fair bandwidth sharing
in wireless networks. In [4] Tassiulas et al. proposed a centralized algorithm to attain
max-min fair rate in certain ad-hoc networks. On the other hand, Nadagopal et al. [5]
proposed decentralized algorithms that achieve some fair rate allocations. Kar et al. [7]
derived distributed strategies that achieve proportional fairness for single-hop flows in an
Aloha network using only local topology information. In [9] Wang et al. provided dis-
tributed algorithms to achieve max-min fair rates in Aloha networks. Even rate control
for multi-hop sessions in wireless networks has been considered, e.g. [6] and [11]. How-
ever, none of these works considers the special feature of the problem when a session has
both wired and wireless links in its path, and their results are not readily applicable to a
wired-cum-wireless network.

This study addresses the problem of rate optimization for end-to-end sessions in a
wired-cum-wireless network, in which sessions run across both wired and wireless links.
The goal of the rate control is to provide proportional fairness amongst all sessions in the
network. Note that each session has wireless links in its path, whose capacities depend
on transmission rates of neighboring links. In circumstances when wireless links become
bottlenecks, it is possible that by adjusting transmission rates of neighboring links, the
capacities of the bottleneck links are increased and the overall system utility can be further
increased. Therefore, cross layer cooperation must be introduced, which find not only the
best rate for each session but also transmission rates of the wireless links to support
the session rates. For simplicity of exposition, all sessions are assumed to originate and
terminate in MHs, and the source and destination MHs of any session belong to different
BSSs. Note that our results can be easily extended to the situations where sessions within
a BSS are allowed.

We propose a distributed algorithm to iteratively solve the problem of rate optimiza-
tion in a wired-cum-wireless network. Intuitively, the algorithm works at the transport
layer in a smaller time scale, solving the optimal session rates under the given transmis-
sion rates for all wireless links. At the link layer, the algorithm works at a much larger
time scale, adjusting the transmission rates for the wireless links in a way so that the
bottlenecks are alleviated and the aggregate utility can be further increased.

We make this intuitive approach precise and rigorous in this paper. The distributed
algorithm we propose in this paper essentially adjusts the wireless link transmission rates
in the gradient directions. Although the formulated problem appears to be non-convex, it
can be proved that our approach actually converges to the global optimum. Simulations
in various network scenarios support our results, and one representative case is presented
in this paper.

The paper is organized as follows. In Section 2, we describe the system model, provide
the link rate expressions in a CSMA/CA based BSS, and formulate the end-to-end rate
control problem as an optimization problem. The solution approach and its convergence
analysis are discussed in Section 3. In Section 4 the distributed algorithm is described in
detail, and in Section 5 the simulation results are presented. The paper is concluded in
Section 6.
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2 Problem Formulation

2.1 Network Model

We consider a general wired-cum-wireless network modeled by (M,W,N, L), where M
denotes the set of all MHs, W denotes the set of CSMA/CA based BSSs, N denotes the
set of fixed nodes in the wired backbone, and L denotes the set of unidirectional links
that connect the fixed nodes in the wired backbone. Note that the set of fixed nodes in
the wired backbone are denoted as N = A

⋃
R, where A denotes the set of APs that act

as interface between the wired and wireless parts of the network and control all the BSSs,
and R is the set of fixed intermediate nodes in the wired backbone that work as routers
and forward packets. For simplicity, we assume that a MH belongs to one and only one
BSS, and each BSS has one and only one AP.

BSS w ∈ W is modeled as an undirected graph (Nw, Lw), where Nw and Lw denote the
set of nodes and the set of undirected links in that particular BSS respectively. Note that
Nw = Mw

⋃
Aw, where Mw and Aw are the set of MHs and the AP for BSS w respectively.

Denote A(s) as the AP associated with MH s ∈ M , i.e. A(s) = Aw if s ∈ Mw.
In BSS w, a link exists between two nodes if and only if they can receive each other’s

signals. A directed edge (s, t) represents an active communication pair for s, t ∈ Nw, and
Ew is the set of directed edges in BSS w. For any node s ∈ Nw, the set of s’s out-neighbors,
Os = {t : (s, t) ∈ Ew}, represents the set of neighbors to which s is sending traffic. Also,
the set of in-neighbors of s, Is = {t : (t, s) ∈ Ew}, represents the set of neighbors from
which s is receiving traffic.

We assume that each node has a single transceiver. A node can not transmit and
receive simultaneously, and cannot receive more than one frame at a time.

We further assume that the scheduling point process for each used link (s, t) ∈ Ew is
Poisson and is independent of all other such processes in the network. In addition, the
frame lengths are assumed to be exponentially distributed. The transmission rate of a
wireless link (s, t) is denoted as ρs,t, which is the average Poisson transmission attempts
made during an average frame transmission time.

The propagation delay is assumed to be zero in the network model. The RTS and CTS
are assumed to be very small, and their transmission time can be ignored. Acknowledge-
ments are obtained instantaneously.

For simplicity, we assume that none of the nodes adopts BEB (Binary Exponential
Backoff) algorithm. This is reasonable, as each node chooses its maximum contention
window size according to the extent of contention experienced in the wireless network and
hence dynamic adaption of the maximum contention window size is no longer necessary.

Since sessions within a BSS are not allowed according to the assumption, a wireless
link in a BSS is between a MH and the AP. Let ρ = (ρs,t, (s, t) ∈ Ew, w ∈ W ) be the
vector of transmission rates for all wireless links. Based on the analysis in [10], it can be
easily shown that the capacity of link (s, t) in BSS w, in which either s or t must be the
AP Aw, can be expressed as

cs,t(ρ) =
ρs,t

1 +
∑

k∈OAw
ρAw,k +

∑
k∈IAw

ρk,Aw

(s, t) ∈ Ew. (1)

Note that the terms
∑

k∈OAw
ρAw,k and

∑
k∈IAw

ρk,Aw are the sums of transmission rates
on all downlinks and uplinks in BSS w respectively.
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The wired backbone of the network connects the set of APs A using the set L of unidi-
rectional wired links, and the capacity is cl for link l ∈ L. Aw connects to Av through a path
L(w, v), where the path L(Aw, Av) is the set of links that are used for the communication
from Aw to Av. For each link l ∈ L, let S(l) = {(Aw, Av)|w, v ∈ W and l ∈ L(Aw, Av)}
be the set of communication pairs consisting of APs that use link l.

The wired-cum-wireless network is shared by the set S of end-to-end sessions. A session
u ∈ S can be usually expressed as (i, j), where w, v ∈ W , i ∈ Mw, and j ∈ Mv, meaning
that the origin of the session is MH i in BSS w, and the sink is MH j in BSS v. Note that
w and v denote different BSSs for simplicity of exposition. Also note that APs generate no
traffic and only forward traffic between the wireless and the wired parts of the network.

2.2 Rate Control Problem

The problem of providing proportional fairness amongst end-to-end sessions in a wired-
cum-wireless network is formulated as follows.

P : max
∑

(i,j)∈S log(yij)

s.t. yij ≤ ci,A(i)(ρ) (i, j) ∈ S
yij ≤ cA(j),j(ρ) (i, j) ∈ S∑

(A(i),A(j))∈S(l) yij ≤ cl l ∈ L

ρs,t ≥ 0 (s, t) ∈ Ew, w ∈ W
yij ≥ 0 (i, j) ∈ S

(2)

where yij is the rate for the session that originates from MH i and ends at MH j.
The problem is formulated as the maximization of the aggregate utility of all sessions.

Since each session originates from one wireless LAN and ends at another, it travels two
wireless links, one is from the origin to the access point, and the other is from the access
point in the destined wireless LAN to the sink. The first and the second sets of constraints
state that the rate of the end-to-end sessions cannot exceed the capacities of the two
wireless links in the path, and ci,j(ρ) is given in (1). Also, the sessions will travel through
a set of links in the wired backbone, and the third set of constraints states that, the
aggregate session rates on a wired link cannot exceed the capacity of that link. The fourth
and the last sets of constraints ensure that all the transmission rates and all session rates
are non-negative.

In contrast to the wired backbone which has fixed capacities for each link, a wireless
link capacity in a CSMA/CA based BSS has a changeable value. Note that, under certain
resource allocation schemes, the wireless link capacities are computed and the session
rates are adjusted so that the aggregate utility is maximized. However, since the wireless
link capacities are not fixed, it is possible that, through resource reallocation, capacities
of bottleneck wireless links can be increased and the aggregate utility can be further
increased. Therefore, P involves not only the rate control for each end-to-end session, but
also a resource allocation scheme that supports the session rates.

Also note that the link capacities in a CSMA/CA based BSS are not a concave function
of the transmission rates, and hence the feasible region does not constitute to a convex
set. This makes P even more difficult to solve. In spite of the apparent non-convexity, we
derive a distributed algorithm that converges to the global optimum.
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3 Solution Approach and Convergence Analysis

3.1 Solution Approach

Instead of solving P directly, we consider the parameterized version of an end-to-end
proportionally fair rate optimization problem when the wireless link capacity cs,t(ρ) is
parameterized as xs,t for all (s, t) ∈ Ew, w ∈ W ,

P̂ : max
∑

(i,j)∈S log(yij)

s.t. yij ≤ xi,A(i) (i, j) ∈ S
yij ≤ xA(j),j (i, j) ∈ S∑

(A(i),A(j))∈S(l) yij ≤ cl l ∈ L

yij ≥ 0 (i, j) ∈ S

(3)

Comparing P with P̂, we see that the only difference is that, the wireless link capacities
in P, whose values are not fixed and depend on the transmission rates of the wireless
links, are parameterized in P̂.

Note that the optimum value in P̂ is a function on x, where x is the vector of capacities
of all wireless links, i.e. x = {xi,A(i), xA(j),j : (i, j) ∈ S}. We define Û(x) as the optimum

value in P̂ when x is parameterized, i.e.

Û(x) = max

{ ∑
(i,j)∈S

log(yij)

∣∣∣∣∣yij ≤ xi,A(i), yij ≤ xA(j),j,
∑

(A(i),A(j))∈S(l)

yij ≤ cl, ys ≥ 0

}
.(4)

Also note that the vector of all wireless link capacities in turn is a function on the link
transmission rates. If we define function Ũ(ρ) = Û(c(ρ)), where c(ρ) = (cs,t(ρ) : (s, t) ∈
Ew, w ∈ W ), P can be rewritten as

P̃ : max Ũ(ρ)
s.t. ρs,t ≥ 0 ∀(s, t) ∈ Ew, w ∈ W.

(5)

In summary, to solve P, we update the transmission rate of link (s, t) in BSS w using
the following equation

ρ
(n+1)
s,t =


ρ

(n)
s,t + δ

∑
v∈W

∑

(k,m)∈Ev

λ
∗(n)
k,m

∂ck,m

∂ρs,t

(ρ(n))




+

, (6)

where [z]+ = max{z, 0}, δ is the step size,
∂ck,m

∂ρs,t
is computed with the following formula

∂ck,m

∂ρs,t

=





− ρk,m

(1 +
∑

u∈OAw
ρAw,u +

∑
u∈IAw

ρu,Aw)2
if s, t, k,m ∈ Nw, (k, m)6=(s, t);

1 +
∑

u∈OAw
ρAw,u +

∑
u∈IAw

ρu,Aw − ρs,t

(1 +
∑

u∈OAw
ρAw,u +

∑
u∈IAw

ρu,Aw)2
if (k, m) = (s, t);

0 otherwise,

(7)

and λ
∗(n)
s,t is the optimum solution to the dual problem of P̂ when x = c(ρ(n)), i.e.

λ∗(n) = arg min
�≥0,≥0

max
y

L(n)(y, λ, γ) (8)
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where λ = (λs,t : (s, t) ∈ Ew, w ∈ W ) are the Lagrange multipliers for the capacity con-
straints on the wireless links, γ = (γl : l ∈ E) are the Lagrange multipliers for the capac-
ity constraints on the wired links, y = (yij : (i, j) ∈ S) are the end-to-end session rates.

L(n)(y,λ,γ) is the Lagrange function of P̂ when x = c(ρ(n)) and is given by

L(n)(y,λ,γ) =
∑

(i,j)∈S log(yij)−
∑

l γl

(∑
(A(i),A(j)∈S(l) yij − cl

)

−∑
(i,j)∈S

[
λi,A(i)

(
yij − xi,A(i)

)
+ λA(j),j

(
yij − xA(j),j

)]
.

(9)

y(n) is then solved from P̂ by setting x = c(ρ(n)), i.e.

y(n) = arg max





∑

(i,j)∈S

log(yij)

∣∣∣∣
yij ≤ ci,A(i), yij ≤ xA(j),j∑

(A(i),A(j))∈S(l) yij ≤ cl, ys ≥ 0



 . (10)

3.2 Convergence Analysis

Intuitively, the procedures from (6) to (10) adjust the transmission rates of the wireless
links and the session rates in their gradient directions. Although P appears to be a non-
convex problem, it can be shown that any KKT point of P is actually globally optimal.
This convergence analysis is stated in a strict form by the following theorem (see the proof
in [12]).

Theorem 1 Let {ρ(n)(δ),y(n)(δ)} denote the sequence of vectors of transmission rates of
the wireless links and the end-to-end session rates computed with the iterative procedures
stated in (6)-(10) when the step size is δ. Then there exists an ∆ ∈ R+ such that for
δ < ∆, the limit point of {ρ(n)(δ),y(n)(δ)} is the global optimal solution to the problem P̃.

4 The Distributed Algorithm

In this section, we describe implementation details of the distributed algorithm to
solve the proportionally fair rate control problem P.

The algorithm works at both the transport layer and the link layer. Periodically the
transmission rates of the wireless links are updated at the link layer, using link prices
and transmission rates in a link’s local neighborhood. Each time the transmission rates
are updated, the algorithm then works at the transport layer, where the optimal end-to-
end session rates and optimal link prices (under the updated wireless link capacities) are
computed by an iterative search. Therefore, the proposed algorithm works at the transport
and link layers at different time scales: it works at the link layer in a larger (longer) time
scale and at the transport layer in a much smaller (shorter) time scale.

4.1 Session Rate Control Algorithm at the Transport Layer

At the transport layer, the algorithm solves the rate control problem P̂. When the link
transmission rates have been updated, wireless link capacities in every BSS are computed
accordingly. The algorithm at the transport layer is then executed, which solves essentially
the same problem as the one in a wired network. In fact, the algorithm at the transport
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layer is exactly the algorithm stated in [2], i.e., each source adjusts its session rate and
each link adjusts its link price in an iterative manner, until the optimal solutions are
achieved. Note that the algorithm in [2] not only gives the optimal rates, but also gives
the corresponding Lagrange multipliers (or optimal link prices).

We now state the procedures to solve the dual problem of P̂ [2]. Let x = c(ρ(n)) denote
the vector of wireless link capacities at iteration n. Then the Lagrangian in (9) is

L(n)(y, λ, γ)=
∑

(i,j)∈S

(
log(yij)− yijα

ij
)
+

∑

l

γlcl +
∑

(i,j)∈S

(
λi,A(i)xi,A(i) + λA(j),jxA(j),j

)
(11)

where αij = λi,A(i) + λA(j),j +
∑

l∈L(A(i),A(j)) γl is the sum of link prices for all the links in

session (i, j) ∈ S’s path. The dual problem is

min
�≥0,≥0

D(n)(λ,γ) (12)

where D(n)(λ,γ) is the dual function and is given by

D(n)(λ,γ) = max
y

L(n)(y,λ,γ). (13)

Since the logarithmic function is concave and the constraints for rate allocations are
linear, P̂ is a convex program and has no duality gap. So at x = c(ρ(n)), when the dual
problem of P̂ achieves its optimum, denoted as (λ∗(n),γ∗(n)), the corresponding y, denoted
as y∗(n), is the optimum solution to the primal problem P.

Maximizing the dual function in (13) gives yij(λ) = 1/αij.
The dual problem can then be solved using the gradient projection method, where

Lagrange multipliers are adjusted in the opposite direction to the gradient ∇D(n)(λ,γ):

λi,A(i)(k + 1) =
[
λi,A(i)(k) + β(yij(λ(k))− xi,A(i))

]+
(14)

λA(j),j(k + 1) =
[
λA(j),j(k)+β(yij(λ(k))− xA(j),j)

]+
(15)

γl(k + 1) =
[
γl(k) + β(yl(λ(k))− cl

]+
(16)

where β > 0 is the step size, [z]+ = max{z, 0}, λ(k) = (λs,t(k) : (s, t) ∈ Ew, w ∈ W ), and
yl(λ) =

∑
(A(i),A(j))∈S(l) yij(λ) is the aggregate session rates at link l ∈ L.

The rate control algorithm at the transport layer can be summarized as follows. When
the transmission rates of wireless links are given, the wireless link capacities are updated.
Then each link in the network, wired or wireless, receives rates for all sessions that go
through the link, computes the new price using (14) or (15) or (16), and communicates
new link price to sources of the sessions that use the link. For session (i, j) ∈ S, its source
MH i receives from the network the link prices in its path, updates αij, chooses a new
rate accordingly for the next period, and communicates the new rate to all links in its
path. The procedures are repeated until the optimal solutions are achieved.

4.2 Transmission Rate Adjustment Algorithm at the Link Layer

When the optimal link prices have been achieved at the given wireless link rates, the
proposed algorithm will work at the link layer to update the transmission rates of wireless
links using (6) and (7). The main purpose of the transmission rate adjustment is to change
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the wireless link capacities and ensures that the bottleneck wireless links are alleviated
so that the aggregate utility can be further increased.

It is worth noting in (7) that
∂ck,m

∂ρs,t
is nonzero only for the wireless links that are in

the same BSS as (s, t) is. Therefore, the transmission rate of link (s, t) can be updated
using the transmission rates and link prices of the links located in the same BSS, i.e.
transmission rates are updated using local information.

4.3 Distributed Implementation of the Algorithm

The distributed algorithm for the end-to-end proportionally fair rate allocation prob-
lem in a wired-cum-wireless network can be summarized as follows:
1. Set n=1. For any wireless link (s, t) ∈ Ew, w ∈ W , choose a positive transmission rate;
2. Compute the link price and session rates in a distributed manner using the rate control
algorithm at the transport layer with procedures (11) to (16);
3. Update the transmission rates for the wireless links at the link layer using (6) and (7);
4. Increment n. Repeat step 2 and 3 until the transmission rates, the link prices and the
session rates converge.

5 Simulation Investigation

In this section, we investigate the performance of the distributed algorithm in providing
proportional fairness amongst the end-to-end sessions in a wired-cum-wireless network.

Access Point 2 Access Point 0

Access Point 1

Access Point 3

B

A

F

E

C

D

H

G

0

1

2

3
a

b

c
d

e

fg

h

Fig. 1. The network configuration.

A median-sized network, as shown in Fig. 1, is considered. This network consists of 4
access points, 8 mobile nodes, 4 wired links and 8 wireless links. The 4 access points are
denoted as 0, 1, 2 and 3. The wired part connects the APs through the wired links, denoted
as 0, 1, 2 and 3. The capacities of the wired links are 0.5, 0.2, 0.6 and 0.8 respectively. In
each basic service set, there are two MHs, who connect to the network through the AP.
The 8 MHs are denoted as A, B, C, D, E, F , G, H, and the wireless links are a, b, c, d,
e, f , g and h respectively. There are four end-to-end sessions in this network, labeled as
f0, f1, f2 and f3 respectively, and their setup is shown in Table 1.
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Table 1. The Source, Sink, and Path of the Flows.

Session Source Node Sink Node Links on the Path

f0 E A e, 0, a

f1 B G b, 0, 2, g

f2 C F c, 3, 2, f

f3 H D h, 2, 1, d

To investigate the performance of the proposed algorithm, we compare the globally
optimum solutions solved by AMPL with the solutions given by the proposed algorithm.
The results are presented in Table 2. The comparisons show that the proposed algorithm
converge to the global optimum.

Table 2. The Optimum Results and the Solutions Given by the Distributed Algorithm.

Variables y0 y1 y2 y3 U

Optimum Value 0.352753 0.147247 0.252753 0.200000 -5.94241

Solutions by the algorithm 0.352814 0.147317 0.252638 0.200030 -5.94207

How session rates and the aggregate utility converge at each link layer iteration is
plotted in Fig. 2. Note that the algorithm works at the link layer and at the transport layer
work in different time scales. At the link layer, the transmission rates are adjusted every
time the link prices and session rates have converged at the transport layer. Therefore
the algorithm at the link layer works at a larger time scale, while the algorithm at the
transport layer works at a much smaller time scale. Since we do not care how the link prices
and session rates converge at the transport layer in this paper, we only present results of
the optimal end-to-end session rates and aggregate utility when link transmission rates
have been adjusted in the link layer at outer loop iteration.
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Fig. 2. The session rates and the aggregate utility.
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6 Conclusions

In this paper, we consider the problem of providing proportional fairness amongst
the end-to-end sessions in a general wired-cum-wireless network, using the framework
of nonlinear optimization. The BSS is CSMA/CA based wireless networks, which are
deployed to provide accesses for mobile hosts. Wired links with fixed capacities connect
the access points, through which wireless and wired parts are interconnected. A distributed
algorithm is proposed in this paper. It works at the link layer to adjust transmission rates
for the wireless links, and at the transport layer to adjust session rates. Heuristically, the
algorithm adjusts the transmission rates of the wireless links and the session rates in their
gradient direction. Although the formulated problem appears to be non-convex, it can be
proved that the algorithm converges to the globally optimal value.
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