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Abstract—Recently, a group of queue-length-based CSMA
algorithms have been proposed to achieve throughput optimal-
ity in wireless networks with single-hop transmissions. These
algorithms suffer from two problems: (1) large delays, and (2)
temporal starvation phenomenon, where communication links
are inactive for a prolonged period of time before getting service.
To mitigate these two problems, in this paper, we propose a novel
v(t)-regulated CSMA algorithm which can be implemented in
a distributed manner using the RTS/CTS mechanism. Link
scheduling is performed such that links with longer queues
are favored so as to reduce average delay. The v(t)-regulated
CSMA algorithm also ensures a more frequent switch between
schedules such that the effect of temporal starvation is reduced.
We prove that the proposed algorithm is throughput optimal,
and show through numerical evaluations that the algorithm
indeed mitigates the temporal starvation problem and achieves
far better delay performance than other throughput-optimal
CSMA algorithms.

I. INTRODUCTION

Efficient scheduling of wireless resources has always been

one of the most challenging tasks for wireless networks.

To achieve throughput-optimality, traditional back-pressure

algorithms [1][2] calculate a maximal weight matching at

each time slot. However, these algorithms need centralized

scheduling with high complexity, and thus are not suitable

for practical distributed implementations.

Recently, a class of distributed queue-length-based CSMA

algorithms have been proposed in the literature [4]-[7] that

achieve throughput optimality, which we refer to as regu-

lar throughput-optimal CSMA algorithms in the following

discussion. Although these CSMA algorithms have been

proved to be throughput-optimal [5][6], they suffer from the

following problems: (1) Temporal starvation, defined in [11]

as the phenomenon of links “being starved for prolonged

periods indefinitely often despite having good stationary

throughput”. In other words, links usually undergo prolonged

periods of inactivity followed by a prolonged period of

activity. Temporal starvation leads to bursty service and unde-

sirable jitter performance. The reason for this behavior is the

operation of regular throughput-optimal CSMA algorithms:

These algorithms schedule a link that was already active with

high probability for prolonged periods, even if there are few

(or even no) packets in its queue, during which its neigh-

boring links suffer from starvation. (2) Undesirable delay

performance [5] [13]. This behavior of regular throughput-

optimal CSMA algorithms also leads to the scheduling of

links with short queues while there exist unscheduled links

with longer queues in the network, resulting in long average

packet delays.

There are a limited number of works analyzing the delay

and temporal starvation problems in the literature. It has been

shown in [10] that regular throughput-optimal CSMA algo-

rithms achieve polynomial delay upper-bound for a fraction

of capacity region in networks with single-hop transmissions.

The effect of number of channels on temporal starvation is

analyzed in [11]. Congestion control using virtual queues has

been proposed in [13] in an attempt to reduce delay without

addressing the temporal starvation problem.

To address the delay and temporal starvation issues, in

this paper, we propose a v(t)-regulated CSMA algorithm.

Under the proposed algorithm, only links with weights above

a certain threshold qualify to be scheduled. Since link weights

are increasing functions of packet queue lengths, resources

are scheduled to links with sufficiently large queue lengths

only. This approach potentially alleviates the “persistent”

scheduling problem of regular throughput-optimal CSMA

algorithms. Compared to those algorithms, the v(t)-regulated

CSMA algorithm possesses the following two salient fea-

tures: (1) Links with larger queue lengths are scheduled. By

favoring longer queues over shorter ones, delays in longer

queues are potentially reduced, and this reduction outweighs

the increase in the delay of packets in the shorter, unserved

queues. Thus, the average delay is potentially reduced. (2)

The change in link schedules is more frequent. When an

active link does not have sufficient data packets, the v(t)-
regulated CSMA algorithm requires the link to relinquish

the wireless resource (i.e., channel). By handing over the

channel much earlier, i.e., when the packet queue length

drops below a threshold, the v(t)-regulated CSMA algorithm

ensures a faster and more frequent switch between schedules,

mitigating the temporal starvation problem.

While achieving an improvement on delay and temporal

starvation, we prove that the v(t)-regulated CSMA algorithm

is throughput-optimal, as well. The proof is based on the

time-scale separation assumption (i.e., the Markov chain of

the schedules chosen by the scheduler is in steady state in

each time slot) which has been employed in [4][5] and ver-



ified in [8][9]. Furthermore, our proposed CSMA algorithm

is shown via simulations to have a much more favorable

delay performance than a regular throughput-optimal CSMA

algorithm [5] for the same set of arrival rate vectors. The

temporal starvation problem is also shown to be mitigated

significantly, where we use the second moment of inter-

service intervals as the metric to characterize the degree of

temporal starvation.

The rest of the paper is organized as follows: We propose

the v(t)-regulated CSMA algorithm and present its theoret-

ical performance analysis in Section II. Further discussions

are provided in Section III. Specifically, a method to approach

time-scale separation is presented in Section III-A, and we

provide a guideline on choosing thresholds for the proposed

algorithm in Section III-B. We present the numerical results

in Section IV and conclude our work in Section V.

II. V(t)-REGULATED CSMA ALGORITHM

We introduce the network model in Section II-A, with the

proposal and theoretical performance analysis of the v(t)-
regulated CSMA algorithm presented in Sections II-B and

II-C, respectively.

A. Network Model

Consider a time-slotted wireless network with network

topology (N ,L), where N denotes the node set and L
denotes the set of single-hop directional communication links

with |L| = L. Each l ∈ L can be represented by l = (m, n)
as a single-hop flow from source m to destination n, for

some m, n ∈ N . We consider a general conflict graph

interference model [4]-[7]. Specifically, for each link l ∈ L,

we define an interference set Nl ⊆ L, such that link l cannot

transmit simultaneously with any link in Nl. Without loss of

generality, we let l ∈ Nl, ∀l ∈ L, and assume symmetric

interference: j ∈ Ni if and only if i ∈ Nj , ∀i, j ∈ L. A set

of links x ⊆ L is called an independent set if none of the

links in x interfere with each other, i.e., i /∈ Nj , ∀i, j ∈ x

with i 6= j. We denote the set of all independent sets by I
associated to the network topology (N ,L).

We assume that the transmission rate of each link is

normalized and takes value in {0, 1}. Let Al(t) be the arrival

process of the communication link l ∈ L over time slots

t. For analytical simplicity, we assume the arrival process

Al(t) is independent across l ∈ L and i.i.d. over time slots

t with mean λl.
1 Without loss of generality, we assume that

Al(t) is upper-bounded by some constant AM , ∀l ∈ L.

At each time slot t, we represent a schedule by a vector

µ(t) , (µl(t))l∈L, with µl(t) ∈ {0, 1} denoting the link rate

schedule for link l ∈ L. A schedule is said to be feasible if
∑

j∈Nl\{l} µj(t) = 0, for any l ∈ L with µl(t) = 1. Thus,

when we associate each link l ∈ L with a packet queue length

Ql(t), the corresponding queue dynamics can be written as:

Ql(t + 1) = [Ql(t) − µl(t)]
+ + Al(t), ∀t ≥ 0 (1)

1We note that the analysis can be readily extended to the case when Al(t)
are Markovian over time.

where the operator [·]+ = max{0, ·} and we assume that the

arriving packets Al(t) are admitted to the packet queue at

the end of each time slot t. The queue dynamics (1) can be

equivalently represented as:

Ql(t + 1) = Ql(t) − µl(t) + Al(t) + βl(t),

where βl(t) , (µl(t) − Ql(t))1{Ql(t)<µl(t)} denotes the

unused service for link l at time slot t, with 1{E} being

an indicator function of the event E.

B. v(t)-Regulated CSMA Algorithm and Its Distributed Im-

plementation

Central to our proposed v(t)-regulated CSMA algorithm

is the establishment of a vector of thresholds (ηl)l∈L, such

that, if the packet queue of an active link l has a link weight

below threshold ηl, the active link l relinquishes the wireless

resource and becomes idle. Since link weights are increasing

functions of packet queue lengths, only links with sufficiently

large queue lengths are scheduled. In comparison, under

regular throughput-optimal CSMA algorithms, when a link

occupies the channel, even if it has few packets (or even no

packets) in its queue, it is highly likely that this link will

remain scheduled for a considerably long period of time. By

always scheduling links with sufficiently large queue lengths,

the v(t)-regulated CSMA algorithm potentially results in a

reduction of packet delays in these scheduled queues, which

outweigh the increase in delay of the packets in the other

unscheduled queues (which have fewer packets). Hence,

the v(t)-regulated CSMA algorithm potentially reduces the

average delay. In addition, under the proposed algorithm, the

switch between schedules becomes more frequent than under

regular throughput-optimal CSMA algorithms, mitigating the

temporal starvation.

In the following, we introduce definitions necessary for

our CSMA algorithm. We first define the indicator variable

vl(t) = 1{wl(t)>ηl}, ∀l ∈ L,

where wl(t) is the link weight of l ∈ L and ηl is the algorithm

designed threshold for link l. We denote v(t) , {vl(t)}l∈L.

Since we require that the v(t)-regulated CSMA algorithm

only schedule links l with link weights wl(t) larger than

threshold ηl (i.e., vl(t) = 1), we first define a v(t)-regulated

network topology (N ,L(v(t))) generated based on the orig-

inal topology (N ,L). The v(t)-regulated link set L(v(t)) is

defined as:

L(v(t)) , {l ∈ L : vl(t) = 1},

i.e., L(v(t)) is the set of links whose link weights wl(t)
are greater than the corresponding thresholds ηl. Under the

v(t)-regulated topology, we further define the set of all v(t)-
regulated independent sets I(v(t)) as:

I(v(t)) , {x ∈ I : ∀l ∈ x, vl(t) = 1} ⊆ I.

In addition, we define v(t)-regulated interference sets

Nl(v(t)), l ∈ L, as follows:

Nl(v(t)) , {l ∈ Nl : vl(t) = 1}, ∀l ∈ L.



v(t)-Regulated CSMA Algorithm:

1. Randomly select an independent set x(t) ∈ I(v(t)) with
probability (w.p.) px(t), such that:

∑

x(t)∈I(v(t))

px(t) = 1 and ∪px(t)>0 x(t) = L(v(t)). (2)

2. Scheduling link rates:

2.1 ∀l ∈ x(t),

2.1.1 If
∑

j∈Nl\{l} µj(t − 1)vj(t) = 0:

µl(t) = 1, w.p. pl(t) , ewl(t)

1+ewl(t)
;

µl(t) = 0, w.p. 1 − pl(t).
2.1.2 Else, µl(t) = 0.

2.2 ∀l ∈ L\x(t), µl(t) = µl(t − 1)vl(t).

Fig. 1. v(t)-regulated CSMA algorithm

In Figure 1, we propose the v(t)-regulated CSMA al-

gorithm. In Step 1, an independent set x(t) is selected

probabilistically from I(v(t)). Links in x(t) are scheduled

in Step 2.1, and other links are scheduled in Step 2.2.

Specifically:

Step 2.1: For any link l ∈ x(t), if its neighboring links

in the interference set Nl are not scheduled in the previous

time slot or do not have a link weight above the threshold,

i.e.,
∑

j∈Nl\{l} µj(t − 1)vj(t) = 0, then link l is scheduled

service (µl(t) = 1) with link activation probability

pl(t) ,
ewl(t)

1 + ewl(t)
.

Otherwise, µl(t) = 0.

Step 2.2: For any link l not belonging to x(t), µl(t) = 0 when

vl(t) = 0; otherwise, the schedule for link l is unchanged,

i.e., µl(t) = µl(t − 1).
From the selection of x(t) and Step 2.2, we know that

µl(t) = 1 only if vl(t) = 1 (i.e., wl(t) > ηl). The link weight

wl(t) is defined as wl(t) = f(Ql(t)), where the link weight

function f : R
+ → R

+ is chosen as follows: f(x) = x in

[4]; f(x) = log log(x + e) in [6]; f(x) = log(x + 1) in

[5][7]. It is easy to check that the above choices for function

f satisfy the following properties:

Property (i): f is an increasing function with

limx→∞ f(x) = ∞.

Property (ii): For any given 0 < ǫ3 < 1, there exists QM > 0
such that ∀x > QM ,

(1 − ǫ3)f(x) < f(x − 1) < f(x + AM ) < (1 + ǫ3)f(x).

Property (iii): f ′(x) ≤ 1, ∀x ≥ 0.

Since wl(t) is an increasing function of queue length

Ql(t), the v(t)-regulated CSMA algorithm ensures that only

links with sufficiently large queues (such that the correspond-

ing link weights wl(t) are larger than the thresholds ηl) can

be scheduled. Hence, an active link will switch to an idle

state when it does not have a sufficiently large number of

data packets in its queue, handing the resource over to other

links with larger packet queues. On the other hand, under the

the regular throughput-optimal CSMA algorithms, even if an

active link has few or no packets in its queue, it will continue

to occupy the channel for prolonged periods with high

probability, during which other links in its interference set

suffer from starvation. Thus, with the v(t)-regulated CSMA

algorithm, the problem of temporal starvation is mitigated.

Since service is scheduled only to links with sufficiently large

queue lengths (i.e., links with packets having potentially large

delays), the delay performance is also improved.

In [16], we introduce in detail a distributed implementation

of the v(t)-regulated CSMA algorithm, based on an RTS/CTS

handshake mechanism. In the next subsection (Section II-C),

we prove the throughput-optimality of the proposed algo-

rithm. Numerical analysis on delay performance and the

temporal starvation issue is provided in Section IV.

C. Throughput Optimality of the v(t)-Regulated CSMA Al-

gorithm

In this subsection, we prove the throughput optimality of

the proposed algorithm in Theorem 1. We will first show in

Proposition 1 that the v(t)-regulated CSMA algorithm always

produces feasible schedules.

Proposition 1: The schedule produced by the v(t)-
regulated CSMA algorithm is feasible, i.e., if y(t − 1) ∈ I,

then y(t) ∈ I, where y(t) , {l ∈ L : µl(t) = 1}.

Proof: For any l ∈ y(t), we consider the following two

cases:

Case i: l ∈ y(t) ∩ x(t), where x(t) is the independent set

chosen according to Step 1 in Figure 1. In this case, µj(t−
1)vj(t) = 0, ∀j ∈ Nl\{l}, according to Step 2.1. Given

any j ∈ Nl\{l}, we know that j /∈ x(t), since x(t) is an

independent set and l ∈ x(t). If vj(t) = 0, then µj(t) =
0 according to Step 2.2. Otherwise (i.e., when vj(t) = 1),

µj(t − 1) = 0, and hence µj(t) = µj(t − 1) = 0 according

to Step 2.2. Therefore, j /∈ y(t).
Case ii: l ∈ y(t)\x(t). In this case, µl(t − 1) = 1 and

vl(t) = 1 according to Step 2.2. For any given j ∈ Nl\{l},

we have
∑

k∈Nj\{j}

µk(t − 1)vk(t) ≥ µl(t − 1)vl(t) = 1. (3)

In addition, µj(t − 1) = 0, since µl(t − 1) = 1, i.e., l ∈
y(t − 1) ∈ I. If j ∈ x(t), then µj(t) = 0 by (3) and Step

2.1.2. Otherwise (i.e., when j /∈ x(t)), from Step 2.2, µj(t) ≤
µj(t − 1) = 0. Therefore, j /∈ y(t).

Since the above analysis holds for any l ∈ y(t), we have

shown that y(t) ∈ I, i.e., y(t) is an independent set: for any

given l ∈ y(t), we have j /∈ y(t), ∀j ∈ Nl\{l}.

To support our analysis of the throughput performance,

we introduce two related lemmas, Lemma 1 and Lemma 2,

to assist the proof of throughput optimality in Theorem 1.

Specifically, in Lemma 1, we show that the schedules pro-

duced by the v(t)-regulated CSMA algorithm approximate a

maximum weight matching scheduler with high probability.

In Lemma 2, we introduce an auxiliary stationary randomized

algorithm.

Lemma 1: Under the time-scale separation assumption

(the Markov chain of the schedules chosen by the scheduler



is in steady state in each time slot), for any given ǫ1 and

δ1 satisfying 0 < ǫ1, δ1 < 1, we can find a constant

B(ǫ1, δ1) > 0 such that for any time slot t and with

probability greater than (1−δ1), the link rate scheduler finds

a schedule (µl(t))l∈L, satisfying, whenever ||w(t)||∞ > B,
∑

l∈L

wl(t)µl(t) ≥ (1 − ǫ1)max
x∈I

∑

l∈x

wl(t), (4)

where w(t) , (wl(t))l∈L, ||w(t)||∞ , maxl∈L |wl(t)|, and

B , max

{

1

ǫ1

(

L log 2 + log
1

δ1

)

,
2

ǫ1
max
x∈I

∑

l∈x

ηl

}

.

For notational simplicity, we denote || · || , || · ||∞ in

the following discussion. In (4), maxx∈I

∑

l∈x wl(t) can be

considered as the maximal weight matching over all feasible

schedulers.

Proof: The proof is provided in Appendix A.

We define the capacity region Λ as the set of all arrival rate

vectors (λl)l∈L supportable by the network, i.e., there exists

a feasible scheduling algorithm, centralized or distributed,

which is able to stabilize all the packet queues. Then, for

any rate vector in Λ, there exists an (auxiliary) stationary

randomized algorithm as stated in Lemma 2.

Lemma 2: For any rate vector (λl)l∈L strictly within the

capacity region Λ, i.e., we can find some ǫ2 > 0 such that

((1 + ǫ2)λl)l∈L ∈ Λ, there exists a stationary randomized

algorithm with schedules
(

µSTAT
l (t)

)

independent of the

queue lengths (Ql(t))l∈L, such that, for any time slot t,

E
{

µSTAT
l (t)

}

= (1 + ǫ2)λl, ∀l ∈ L.

Similar formulations of randomized algorithm STAT and

corresponding proofs have been given in [2][14], so we omit

the proof of Lemma 2 for brevity.

The throughput optimality is concluded in Theorem 1.

Theorem 1: The v(t)-regulated CSMA algorithm is

throughput-optimal, i.e., the packet queues are stable in the

mean [3][7], for any arrival rate vector strictly within the

capacity region Λ:

lim sup
T→∞

1

T

T−1
∑

t=0

E







[

∑

l∈L

f2(Ql(t))

]
1
2







≤
B2

ǫ
, (5)

where B2 > 0 and 0 < ǫ < 1 are constants defined as

follows:

B2 , Lf(AM )+Lf(QM)+Lf(QM+AM )AM+γBL, (6)

ǫ , min
l∈L

[(γ(1 + ǫ2) − 1)λl − ǫ3AM ] > 0,

with γ , (1 − ǫ1)(1 − δ1). Note that ǫ1, δ1, B are defined

in Lemma 1; ǫ2 defined in Lemma 2; and ǫ3, QM defined in

Property (ii) of the link weight function f .

Proof: The proof of Theorem 1 is given in Appendix

B.

Since ǫ > 0 is required to ensure a positive upper-bound

in (5), we must have from definition of ǫ that

γ >
1

1 + ǫ2
, (7)

and

ǫ3 < min
l∈L

[γ(1 + ǫ2) − 1]λl

AM

. (8)

Since γ < 1 can be chosen arbitrarily close to 1 (due to the

fact that ǫ1 and δ1 can be arbitrarily small according to their

definitions in Lemma 1) and ǫ3 > 0 can be chosen arbitrarily

small according to Property (ii) of the link weight function,

there exist γ and ǫ3 such that the inequalities (7) and (8)

hold.

Note that the underlying Markov chain is positive recurrent

due to the queue stability in the mean (5) according to [15],

which implies the stability of the network [10].

III. FURTHER DISCUSSIONS

In this section, we provide further discussions on the im-

plementation issues of the v(t)-regulated CSMA algorithm.

Specifically, a modified vT (t)-regulated CSMA algorithm is

proposed to approach time-scale separation in Section III-A

and a feasible choice of thresholds is introduced in III-B.

A. Approaching Time-Scale Separation

We recall that Lemma 1 (and hence Theorem 1) in Sec-

tion II-C is based on the time-scale separation assumption.

This assumption requires the schedule determined by the

algorithm to converge to its steady state faster than the

rate at which link weights wl(t) change over time. In this

section, we propose a method, referred to as vT (t)-regulated

CSMA algorithm, to approximate this time-scale separation

by updating the link weights less frequently.

The vT (t)-regulated CSMA algorithm is illustrated in

Figure 2. Specifically, we make the Markov chain of the

schedules converge to the steady state distributions by updat-

ing the link weights wl,T (t) in the vT (t)-regulated CSMA

algorithm periodically every T time slots, l ∈ L,

wl,T (t) = f(Ql(kT )), kT ≤ t < (k + 1)T, (9)

where T denotes the update period and k takes integer values.

Similarly, we also update the indicator vector periodically as

vT (t) = (vl,T (t))l∈L with

vl,T (t) = vl(kT ), kT ≤ t < (k + 1)T, l ∈ L.

We note that the link activation probability is redefined as

pl,T (t) ,
ewl,T (t)

1 + ewl,T (t)
.

The throughput-optimality still holds with the modified

algorithm, which is formally stated in the following theorem.

Theorem 2: The vT (t)-regulated CSMA algorithm is

throughput-optimal.

Proof: The proof is provided in [16].

B. A Guideline on Choosing Thresholds (ηl)l∈L

The selection of the thresholds (ηl)l∈L is essential to

the performance of the v(t)-regulated algorithm. Since it is

extremely hard to find closed-form results on packet delay

for queue-length-based CSMA algorithms (though there are

a few works in the literature that provide order results, e.g.,



vT (t)-Regulated CSMA algorithm:

1. Randomly select an independent set x(t) ∈ I(vT (t)) w.p.
px(t), such that:

∑

x(t)∈I(vT (t))

px(t) = 1 and ∪px(t)>0 x(t) = L(vT (t)).

2. Scheduling link rates:

2.1 ∀l ∈ x(t),

2.1.1 If
∑

j∈Nl\{l} µj(t − 1)vj,T (t) = 0:

µl(t) = 1, w.p. pl,T (t) , e
wl,T (t)

1+e
wl,T (t) ;

µl(t) = 0, w.p. 1 − pl,T (t).
2.1.2 Else, µl(t) = 0.

2.2 ∀l ∈ L\x(t), µl(t) = µl(t − 1)vl,T (t).

Fig. 2. vT (t)-regulated CSMA algorithm

[10]), instead of finding an optimal threshold that minimizes

delay, we provide a guideline on the selection of thresholds

(ηl)l∈L in the following. Note that the RHS ( B2

ǫ
) of (5) can

be considered as an upper-bound for packet queue lengths,

which is an indicator on the delay performance. Thus, we

choose the thresholds ηl, l ∈ L, such that this upper-bound
B2

ǫ
is minimized. In the following proposition, we introduce

such a feasible choice of (ηl)l∈L for the proposed v(t)-
regulated CSMA algorithm.

Proposition 2: Given ǫ1 = δ1 ≤ ǫ2
2(1+ǫ2)

2,

ηl = ηC ,
(L + 1) log 2 + log 1+ǫ2

ǫ2

2 maxx∈I
∑

l∈L 1l∈x

, l ∈ L, (10)

guarantees that B2

ǫ
is minimized.

Proof: According to the definition of B2 in (6) and the

definition of B in Lemma 1, it is sufficient to prove that the

choice (10) ensures that

2

ǫ1
max
x∈I

∑

l∈x

ηl ≤ B1 =
1

ǫ1

(

L log 2 + log
1

δ1

)

.

For any l ∈ L, we obtain from (10) that

2

ǫ1
max
x∈I

∑

l∈x

ηl =
1

ǫ1

(

(L + 1) log 2 + log
1 + ǫ2

ǫ2

)

≤ B1,

completing the proof.

If local links do not have the knowledge of ǫ2, which

can be considered as the “distance” between the arrival rate

vector and the maximal throughput, we can utilize a more

conservative (smaller) choice of ηl:

ηl =
(L + 1) log 2

2 maxx∈I
∑

l∈L 1l∈x

, l ∈ L.

We note again that the value ηC does not necessarily

minimize the delay or the expectation of packet queue

lengths. Instead, we show in Proposition 2 that this choice

is suboptimal in that it minimizes an upper-bound for queue

2Since ǫ1 and δ1 can be chosen arbitrarily small, the given choice of
ǫ1 and δ1 is feasible and ensures that the constraint (7) holds, i.e, γ =
(1 − δ1)2 > 1 − 2δ1 ≥ 1

1+ǫ2
.

Fig. 3. 10-link network topology for numerical evaluations

lengths. Through numerical evaluations presented in Section

IV, we show that choosing the threshold as ηC indeed leads

to favorable delay performance and significantly mitigates the

temporal starvation compared to a regular throughput-optimal

CSMA algorithm.

IV. NUMERICAL RESULTS

In this section, we present a numerical comparative study

of v(t)-regulated CSMA algorithm, vis-a-vis the QCSMA

algorithm [5], a throughput-optimal queue-length-based algo-

rithm. We employ the link weight function f(x) = log(x+1),
since it is shown via simulation in [5][7] that the log(·)
form yields better delay performance than f(x) = x [4] and

f(x) = log log(x + e) [6]. In the following two subsections,

we illustrate the performance using two different interference

models under two different network topologies.

A. Numerical Evaluation in a 10-Link Topology

In this subsection, we employ a node-exclusive model (or

one-hop interference model) under the 10-link topology in

Figure 3. We assume an identical arrival rate for all 10
communication links, i.e, λl = λ, l ∈ L. Since at most

two links can be active at each time slot under the node-

exclusive model, the stabilizable range of λ is 0 < λ < 0.2,

with ǫ2 = 0.2
λ

− 1 characterizing the distance between λ and

the maximum per-link throughput 0.2. The arrival processes

Al(t) follow independent Bernoulli processes with parameter

λ.

When arrival rate λ = 0.19 (i.e., achieving 95% of the

maximum stabilizable throughput), we find that all queues

are stabilized and the throughput of 1.9 (summed over ten

links) is indeed achieved. A snapshot of link rate schedules

is shown in 4 with the suggested thresholds ηl = ηC , ∀l ∈
L. To deliver a clear picture of instantaneous schedules, we

only show the schedules for links (1, 2), (1, 3), (4, 1), and

(5, 1) in Figure 4. Compared to QCSMA algorithm under

which a single link can occupy the channel over hundreds

of time slots, the switch of link schedules is much more

frequent under the v(t)-regulated CSMA algorithm. Thus,

the temporal starvation issue is successfully mitigated under

the proposed algorithm.

To quantify the degree of temporal starvation, we use

the second moment of inter-service intervals as our metric.

Specifically, sl(i) denoting the scheduled service time of i-
th packet of link l ∈ L, we define the second moment of
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Fig. 4. Snapshot of Link schedules when arrival rate λ = 0.19 under
topology in Figure 3

inter-service intervals Jl for link l as:

Jl , lim
I→∞

1

I

I
∑

i=1

(sl(i + 1) − sl(i))
2.

Note that a smaller Jl implies that link l is scheduled more

frequently and its idle periods are shorter, indicating a lower

level of temporal starvation. Due to the symmetric simulation

topology, in the following we refer to the second moment

of inter-service intervals as the average of Jl over all links

l ∈ L.

Figure 5 illustrates the delay and the second moment

of inter-service intervals under the two algorithms, with

ηl = ηC , ∀l ∈ L. When arrival rate is lower than 0.18 (90%
of maximum throughput), the packet delay and the second

moment of inter-service intervals, both averaged over all 10
links, are almost one order of magnitude smaller under the

v(t)-regulated CSMA algorithm than the QCSMA algorithm.

The difference between the two algorithms in performance

diminishes when the arrival rate further increases. This can be

explained as follows: When the arrival rate increases towards

the maximum (the value of 0.2 in this case), the queue

lengths become larger, and hence the value of the threshold

ηC (ηC = 2.7 in this simulation setup) becomes negligibly

small compared to the queue length. Thus, the behavior

of v(t)-regulated CSMA algorithm approaches the QCSMA

algorithm when the arrival rate λ is close to is 0.2. However,

even in a large-arrival-rate region, the v(t)-regulated CSMA

algorithm still yields much better performance. For instance,

at an arrival rate λ = 0.19 (achieving 95% of maximum

throughput), the packet delay is 65% smaller under the v(t)-
regulated CSMA algorithm than the QCSMA algorithm; and

the second moment of inter-service intervals is 55% smaller.

We also note that under both algorithms, in a small-arrival-

rate regime (e.g., λ = 0.05, achieving 25% of the maximum

throughput), the inter-service intervals are potentially spaced

farther apart because packet arrivals are farther apart, as

well. Therefore, the second moment of inter-service intervals

decreases when the arrival rate increases initially, as shown

in Figure 5. When arrival rate further increases, average
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Fig. 5. Performance of delay and 2nd moment of inter-service intervals
with respect to arrival rate under topology in Figure 3, given ηl = ηC ,
∀l ∈ L

queue lengths become larger, and it is more likely that an

active link occupies the channel for prolonged periods of

time followed by prolonged periods of inactivity, leading to a

larger second moment of inter-service intervals, i.e., a higher

level of temporal starvation.

We now study the effect of thresholds (ηl)l∈L on the per-

formance of the v(t)-regulated CSMA algorithm. In Figure

6, we show the performance of delay and second moment of

inter-service intervals by varying the value of η, where we

let ηl = η, l ∈ L. The starred point in Figure 6 denotes

the case with ηl = ηC , l ∈ L. We observe that ηC is

indeed a favorable choice for the thresholds (ηl)l∈L in that it

leads to comparably good delay performance among all the

thresholds. Jl performance could further be improved when η
grows larger than ηC . However, we note that the decrease in

Jl is trivial compared to the increase in delay as η becomes

larger.

From Figure 6, we see that even a small value of threshold

(e.g., η = 1) can significantly reduce the delay and mitigate

the issue of temporal starvation compared to the QCSMA

algorithm. However, we notice that, as η gets larger, the delay

increases. Recall that under v(t)-regulated CSMA algorithm,

only link weights (increasing functions f of queue lengths)

greater than the threshold η can be scheduled. Thus, the

average queue packet length is greater than or equal to

f−1(⌊η⌋), where ⌊·⌋ denotes the floor function. When η
grows significantly large, f−1(⌊η⌋) dominates the queue

length. Thus, according to the Little’s Law, the average

packet delay increases accordingly in a large-η-regime.

We also observe that, when η increases, the duration of a

link occupying the channel is expected to become smaller,

leading to a more frequent change in schedules. Hence, the

second moment of inter-service intervals Jl becomes smaller

in Figure 6. However, we note this decrease in Jl is trivial

compared to the increase in delay when η becomes large.

Therefore, we consider ηC to be a good choice for the

thresholds.

B. Simulation Comparison in a Grid Topology

It is pointed out in [12] that regular throughput-optimal

CSMA algorithms (such as the QCSMA algorithm) suffer

from serious temporal starvation in grid/lattice topology.
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Fig. 6. Performance of delay and 2nd moment of inter-service interval
with respect to threshold η under topology in Figure 3, given arrival rate
λ = 0.19

Fig. 7. Grid network topology for simulation comparison

In [16], we show that under a grid topology in Figure

7, our proposed v(t)-regulated CSMA algorithm does not

suffer as much from the temporal starvation as the QCSMA

algorithm. In fact, our proposed algorithm far outperforms

the QCSMA algorithm in both delay and second moment of

inter-service intervals. Note that different from the algorithm

in [12] which is intended for grid/lattice topology only, our

proposed algorithm works for arbitrary network topologies

under general conflict graph interference model.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, we proposed a v(t)-regulated CSMA al-

gorithm that can be implemented via a distributed method

and achieve optimal throughput in wireless networks with

single-hop transmissions. In the algorithm, link scheduling is

performed favoring links with sufficiently large queue lengths

to reduce average delay and ensure a more frequent switch

between schedules. Via numerical evaluations, we show that

compared to the QCSMA algorithm, the proposed algorithm

significantly improves the delay performance and mitigates

the problem of temporal starvation. In our future work, we

will further study the performance of the proposed CSMA

algorithm via testbed implementations. Proving the through-

put optimality without time-scale separation assumption will

also be one of our future research directions.
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APPENDIX A

PROOF OF LEMMA 1

We have shown in [16] that the v(t)-regulated CSMA

algorithm is equivalent to the scheduler in Figure 8, where

Step 1 and Step 2 of the equivalent scheduler (in Figure 8)

form the regular throughput-optimal CSMA algorithm [10]

with respect to the v(t)-regulated topology (N ,L(v(t))).
According to Proposition 2 in [5] under the time-scale

separation assumption, for any given 0 < ǫ1, δ1 < 1, we

can find B1(ǫ1, δ1) > 0 such that, with probability greater

than (1 − δ1), the equivalent scheduler (and hence the v(t)-
regulated CSMA algorithm) schedules (µl(t))l∈L satisfying,

whenever ||w(t)|| > B1,

∑

l∈L

wl(t)µl(t) ≥(1 −
ǫ1
2

) max
x∈I(v(t))

∑

l∈x

wl(t),

=(1 −
ǫ1
2

)max
x∈I

∑

l∈x

wl(t)vl(t),
(11)

where B1 , 1
ǫ1

(

L log 2 + log 1
δ1

)

.



An equivalent scheduler on v(t)-regulated topology
(N ,L(v(t))):

1. Randomly select an independent set x(t) ∈ I(v(t)) w.p.
px(t), such that:

∑

x(t)∈I(v(t))

px(t) = 1 and ∪px(t)>0 x(t) = L(v(t)).

2. Schedule link rates in L(v(t)):

2.1 ∀l ∈ x(t),

2.1.1 If
∑

j∈Nl(v(t))\{l} µj(t − 1) = 0:

µl(t) = 1, w.p. pl(t); µl(t) = 0, w.p. 1−pl(t).
2.1.2 Else, µl(t) = 0.

2.2 ∀l ∈ L(v(t))\x(t), µl(t) = µl(t − 1).

3. Schedule link rates in L\L(v(t)):
µl(t) = 0, ∀l ∈ L\L(v(t)). Or equivalently, µl(t) = 0,
∀l ∈ L such that wl(t) ≤ ηl.

Fig. 8. An equivalent scheduler for the proof in Lemma 1

When ||w(t)|| > B, we have:

ǫ1
2

max
x∈I

∑

l∈x

wl(t) ≥
ǫ1
2
||w(t)|| >

ǫ1B

2

≥max
x∈I

∑

l∈x

ηl ≥ max
x∈I

∑

l∈x

wl(t)(1 − vl(t)),

where the last inequality follows the definition of vl(t).
Hence, we obtain the following inequality, when ||w(t)|| >
B,

(1 −
ǫ1
2

)max
x∈I

∑

l∈x

wl(t)

<max
x∈I

∑

l∈x

wl(t) − max
x∈I

∑

l∈x

wl(t)(1 − vl(t))

≤max
x∈I

∑

l∈x

wl(t)vl(t).

Combining (11), we know that, w.p. larger than (1 − δ1),
whenever ||w(t)|| > B,

∑

l∈L

µl(t)wl(t)

≥(1 −
ǫ1
2

)max
x∈I

∑

l∈x

wl(t)vl(t)

>(1 −
ǫ1
2

)2 max
x∈I

∑

l∈x

wl(t) ≥ (1 − ǫ1)max
x∈I

∑

l∈x

wl(t),

which concludes the proof of Lemma 1.

APPENDIX B

PROOF OF THEOREM 1

We first define the Lyapunov function

L(Q(t)) ,
∑

l∈L g(Ql(t)), where Q(t) , (Ql(t))l∈L and

g′(x) = f(x). We denote the corresponding Lyapunov drift

as ∆(t) , E{L(Q(t + 1)) − L(Q(t))|Q(t)}. From Taylor’s

Theorem, we have the following

∆(t) =
∑

l∈L

E
{

f(Q̄l(t))(Ql(t + 1) − Ql(t))|Q(t)
}

=
∑

l∈L

E
{

f(Q̄l(t))βl(t)|Q(t)
}

+
∑

l∈L

E
{

f(Q̄l(t))(Al(t) − µl(t))|Q(t)
}

,

where Q̄l(t) lies between Ql(t) and Ql(t + 1), ∀l ∈ L.

Since βl(t) = 0 if Ql(t) ≥ 1, we have f(Q̄l(t))βl(t) ≤
f(Ql(t + 1))1{Ql(t)=0} ≤ f(AM ). Consequently,

E{∆(t)} ≤Lf(AM ) +
∑

l∈L

E
{

f(Q̄l(t))(A(t) − µl(t))
}

. (12)

From Property (ii) of the link weight function f , for any

given ǫ3 > 0, there exists QM > 0 such that ∀Ql(t) > QM ,

(1 − ǫ3)f(Ql(t)) < f(Q̄l(t)) < (1 + ǫ3)f(Ql(t)).

Utilizing the above property, following the analysis in [16]

(where we have employed Lemma 1 and substituted the

stationary randomized algorithm STAT in Lemma 2), we

obtain an upper-bound for the expectation of the Lyapunov

drift E{∆(t)} in (12):

E{∆(t)}

≤B2 +
∑

l∈L

E
{

f(Ql(t))
[

ǫ3AM + Al(t) − γµSTAT
l (t)

]}

(13)

=B2 +
∑

l∈L

E {f(Ql(t)) [ǫ3AM + λl − γλl(1 + ǫ2)]}

≤B2 − ǫ
∑

l∈L

E{f(Ql(t))},

where we have employed Lemma 2 to (13).

Taking the time-average over t = 0, 1, ..., T − 1 of both

sides of (13) and taking the limsup with respect to T , we

conclude

lim sup
T→∞

1

T

T−1
∑

t=0

E







[

∑

l∈L

f2(Ql(t))

]
1
2







≤ lim sup
T→∞

1

T

T−1
∑

t=0

E{
∑

l∈L

f(Ql(t))} ≤
B2

ǫ
,

which proves (5).


