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Throughput Regions of Multiple-Access Fading Channels with
Markov Arrivals and QoS Constraints

Mustafa Ozmen and M. Cenk Gursoy

Abstract—In this paper, throughput regions of multiple-access
fading channels are characterized when multiple users, expe-
riencing random data arrivals, transmit to a common receiver
under statistical quality of service (QoS) constraints. Random
arrivals are modeled as discrete Markov or Markov fluid pro-
cesses. Different multiple-access transmission strategies, namely
time-division multiple access and superposition coding with fixed
or variable decoding orders, are considered. For these arrival and
transmission models, throughput in terms of maximum average
arrival rates is formulated in the presence of buffer constraints,
employing the notions of effective bandwidth of time-varying
sources and effective capacity of time-varying transmissions.
Throughput regions are computed for the two-user case and the
impact of source burstiness, buffer constraints, signal-to-noise
ratio, and different communication strategies is investigated.

Index Terms—Markov arrivals, multiple-access channel, qual-
ity of service, superposition coding, TDMA, throughput region.

I. INTRODUCTION

MULTIPLE-ACCESS channel (MAC) model, in which
multiple users share a communication medium to send

their messages to a common receiver, is one of the main
building blocks of multiple-user communication scenarios,
modeling, for instance, uplink in cellular and satellite commu-
nications and wireless LANs. It is well-known that Gaussian
MAC capacity region is achieved by having simultaneous
transmissions from the users (i.e., superposition coding) with
successive cancelation decoding at the receiver [1]. Similar
transmission and reception strategies are optimal in multiple-
access fading channels as well [2].

In this paper, we investigate the throughput regions of
multiple-access fading channels when the users experience
random arrivals and operate in the presence of quality-of-
service (QoS) constraints. Consideration of QoS guarantees is
motivated by the recent exponential growth of wireless trans-
missions of multimedia content. Indeed, with advances in the
wireless technology and widespread use of social networking
tools and video-sharing sites, multimedia data traffic (con-
sisting of e.g., voice over IP (VoIP), multimedia streaming,
interactive video) is poised to become the dominant traffic
in mobile wireless communications. Such multimedia traffic
requires certain QoS limitations (e.g., buffer/delay constraints)
to be satisfied in order to provide required levels of perfor-
mance and quality to the end-users. Effective bandwidth and
effective capacity are employed in [3] and [4], respectively, as
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performance metrics to determine the maximum throughput
in the presence of statistical QoS constraints in the form of
limitations on buffer violation probability1. In [5] and [6],
effective bandwidths of different source models are derived.
Recently, in [7], we adopted the effective capacity to study the
throughput regions of multiple-access fading channels under
the assumption that arrival rates to all users are constant. In
this paper, we consider a more general scenario in which users
experience random Markov arrivals. In particular, we combine
the theory of effective bandwidth of time-varying random
arrivals and the theory of effective capacity of time-varying
wireless transmissions in order to characterize the throughput
regions in multiple-access fading channels.

II. CHANNEL MODEL

We consider a multiple-access fading channel in which M
users transmit to a common receiver. We assume that each
user experiences Markov data arrivals. Randomly arriving data
is initially buffered at each user before transmission over
the multiple-access channel. For each random source traffic,
certain statistical QoS constraints are imposed at each user in
order to limit the buffer violation probability.

In the considered multiple-access channel, each link expe-
riences flat-fading and the channel input-output relation can
be expressed as

y =

M∑
i=1

hixi + n (1)

where xi is the channel input of the ith user and y is the output
at the receiver. Average transmitted signal energy of the ith

user is E{|xi|2} = Ei. Moreover, n denotes the zero-mean,
circularly-symmetric, complex Gaussian background noise at
the receiver with variance E{|n|2} = N0. Hence, the signal-
to-noise ratio (SNR) of the ith user is SNRi = E{|xi|2}

E{|n|2} =
Ei

N0
for i = 1, ...,M. Finally, in (1), hi denotes the fading

coefficient in the channel between the user i and the receiver.
While fading coefficients can have arbitrary distributions with
finite energies, we assume that block-fading is experienced.
Hence, the realizations of the fading coefficients stay fixed
for a block of symbols and change independently for the next
block.

III. PRELIMINARIES

A. Effective Bandwidth of Markov Arrivals

As noted above, we assume that the data to be sent is
generated from Markov sources and is initially stored in a

1We note that statistical QoS constraints considered here are generally more
stringent than stability constraints for which the throughput region or more
specifically the stability region is equal to the ergodic capacity region [8].
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buffer before transmission. Statistical constraints are imposed
on the buffer length. In particular, we assume that the buffer
violation probability at user i satisfies

lim
η→∞

logP (Qi ≥ η)

η
= −θi (2)

where Qi denotes the stationary queue length at the ith user,
and θi is the decay rate of the tail distribution of the queue
length. The above limiting formula implies that for large
ηmax, we have P (Qi ≥ ηmax) ≈ e−θiηmax . Hence, for a
sufficiently large threshold, the buffer violation probability
should decay exponentially with rate controlled by the QoS
exponent θi. Note that as θi increases, more strict queueing
or QoS constraints are imposed.

In this paper, we consider two types of Markov sources,
namely discrete Markov source and Markov fluid source, and
concentrate on a simple two-state (ON-OFF) model. For both
types of sources, we briefly describe below the effective band-
width, which characterizes the minimum constant transmission
(or service) rate required to support the given time-varying
data arrivals while the buffer violation probability satisfies (2).

1) Discrete Markov Source: For this type of source, data
arrivals are modeled as a discrete Markov process with a
transition probability matrix J. In the special case of a two-
state (ON-OFF) Markov chain, we assume that r bits arrive
(i.e., the arrival rate is r bits/block) in the ON state while
there are no arrivals in the OFF state. With the state transition
probability matrix

J =

[
p11 p12
p21 p22

]
, (3)

the effective bandwidth is given by [6]

a(θ, r)=
1

θ
loge

(
p11+ p22e

rθ+
√
(p11+p22erθ)2− 4(p11+p22−1)erθ

2

)
(4)

where θ is the QoS exponent defined in (2), p11 denotes the
probability of staying in the OFF state and p22 denotes the
probability of staying in the ON state. The probabilities of
transitioning from one state to a different one are therefore
denoted by p21 = 1− p22 and p12 = 1− p11.

2) Markov Fluid Source: In the fluid model, we assume
that the data arrivals are modeled as a continuous-time Markov
process with a generating matrix G. The generating matrix for
the two-state case is in the form of

G =

[−α α
β −β

]
(5)

where α and β are the transition rates from one state to
another. When the arrival rates for two-state model are r and 0
and hence we basically have ON and OFF states, the effective
bandwidth expression becomes [6]

a(θ, r) =
1

2θ

[
θr−(α+ β)+

√
(θr−(α+ β))2+ 4αθr

]
. (6)

B. Effective Capacity in Fading Channels

Effective capacity, as a dual concept to effective bandwidth,
identifies the maximum constant arrival rate that can be sup-
ported by a given time-varying service process while satisfying

(2). Under the block-fading assumption, the effective capacity
can be expressed as [7]

CE(SNR, θ) = −1

θ
loge E{e−θR} (7)

where R is the instantaneous transmission (or equivalently ser-
vice) rate. For instance, the maximum service rate in a single-
user fading Gaussian channel is given by the instantaneous
channel capacity expressed as R = log2(1 + SNRz) where
z = |h|2 is the magnitude-square of fading.

IV. MAC THROUGHPUT REGION

In this section, we initially describe our throughput metric
as the maximum average arrival rate that can be supported in
a setting in which arrivals are modeled as ON-OFF Markov
processes, service rates are given by the instantaneous channel
capacities, and buffer overflow probabilities are limited as de-
scribed in Section III-A. In particular, we formulate the max-
imum average arrival rates by using both effective bandwidth
and effective capacity formulas. We subsequently consider
three different strategies for communication in multiple-access
fading channels, namely time-division with power control,
superposition coding with fixed decoding order, and super-
position coding with variable decoding order. Each scheme
leads to different service rates at different users and results in
different throughput regions.

A. Maximum Average Arrival Rate

We formulate the maximum average arrival rate for wireless
transmissions in the presence of Markov arrivals and queueing
constraints. Specifically, we consider two-state Markov arrival
models in which the instantaneous arrival rates are r and 0
in the ON and OFF states, respectively. Probability of the
ON state in steady-state is denoted as PON. Therefore, the
average arrival rate is simply ravg = PONr which is equal to
the average departure rate when the queue is in steady state
(under the assumption that buffers are of infinite size) [9].
Now, we seek to determine our throughput metric, which is the
maximum average arrival rate r∗avg that can be supported in a
fading channel while satisfying the statistical QoS limitations
given in the form in (2). As shown in [9, Theorem 2.1], if
the effective bandwidth of the arrival process is equal to the
effective capacity of the service process, i.e.,

a(θ, r) = CE(SNR, θ), (8)

then, (2) is satisfied, i.e., buffer violation probability decays
exponentially fast with rate controlled by the QoS exponent θ.
Hence, we can determine from (8) the maximum arrival rate
r∗(SNR, θ) that can be supported by the wireless channel for
given SNR and QoS exponent θ. Then, the maximum average
arrival rate is

r∗avg(SNR, θ) = r∗(SNR, θ)PON. (9)

1) Discrete Markov Source: In the case of ON-OFF dis-
crete Markov source, using effective bandwidth expression in
(4), we can express (8) in the following equivalent form:(
p11+ p22e

rθ− 2eθCE
)2

= (p11+ p22e
rθ)2− 4(p11+ p22 − 1)erθ.
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Solving for r in the above equality, we can obtain the max-
imum arrival rate r∗(SNR, θ) and then express the maximum
average arrival rate as a function of the effective capacity CE
as

r∗avg(SNR, θ)

= PON

[
CE(SNR, θ) +

1

θ
loge

(
eθCE(SNR,θ) − p11

1− p11 − p22
(
1− eθCE(SNR,θ)

)
)]

.

Note that probability of the ON state is given by PON =
1−p11

2−p11−p22
.

2) Markov Fluid Source: Similarly as above, for the ON-
OFF Markov fluid source, using (6), we can rewrite (8) as

(θr − (α+ β)− 2θCE)
2= (θr − (α+ β))2 + 4αθr (10)

from which we determine the maximum average arrival rate
as

r∗avg(SNR, θ) = PON
θCE(SNR, θ) + α+ β

θCE(SNR, θ) + α
CE(SNR, θ). (11)

Note that probability of ON state is given by PON = α
α+β .

Having formulated, for both Markov arrival models, the
maximum average arrival rates in terms of the effective
capacity, we next consider three different communication
schemes over the multiple-access fading channel and identify
the corresponding effective capacities.

B. TDMA

Time division is a simple strategy in which the users send
their signals in non-overlapping intervals. Hence, interference
is avoided in this case at the cost of reduced transmission
rates. User i transmits τi fraction of the time with energy
Ei/τi. Therefore, instantaneous service rates in bits/channel
use are

Ri(SNRi) = τi log2

(
1 +

SNRizi
τi

)
for i = 1, ...,M (12)

where again zi = |hi|2. With these service rates, the effective
capacity expressions of the users become

CEi(SNRi) = − 1

θi
loge E

{
e
− θiτi

loge 2 loge

(
1+

SNRizi
τi

)}
. (13)

C. Superposition Coding with Fixed Decoding Order (SC-
FDO)

In this strategy, transmitters simultaneously send the data
and the receiver decodes the received sum-signal in a fixed-
order denoted by πk (for k = 1, . . . ,M !) during τk fraction
of the time. Note that signals of M users can be decoded in
M ! different orders. Note also that the time fractions {τk}
satisfy τk ≥ 0 and

∑M !
k=1 τk = 1. The throughput region is

characterized by varying the values of {τk}. In τk fraction of
the time, instantaneous service rate of user i in bits/channel
use is given by

Rπk(i) = log2

(
1+

SNRizi
1+
∑

πk(j)>πk(i)
SNRjzj

)
. (14)

Note from the above rate expression that user j with πk(j) >
πk(i) is decoded later than user i when decoding order πk is
employed and hence user i sees user j’s signal as interference.

Through successive interference cancelation, the signals of the
previously-decoded users do not interfere. Accordingly, the
effective capacity expression is given by

CEi(SNRi) = − 1

θi
loge E

{
e−θi

∑M!
m=1 τmRπm(i)

}
. (15)

D. Superposition Coding with Variable Decoding Order (SC-
VDO)

In this method, users again transmit simultaneously. How-
ever, differently from the previous scheme in which the
decoding is fixed in each fraction of time, we now consider
varying the decoding order depending on the channel states
or more specifically channel fading magnitude-squares z =
[z1, ..., zM ] ∈ R

M
+ . Assume that the space of fading powers

R
M
+ is partitioned into M ! regions denoted by {Γk}M !

k=1. If
z ∈ Γk, the decoding order πk is used at the receiver. For
a given partition, the effective capacity expression of the ith

user can now be expressed as

CEi(SNRi) = − 1

θi
loge E

{
e−θi

∑M!
k=1 Rπk(i)

1{z∈Γk}
}

(16)

where 1{} is the indicator function, and Rπk(i) is given in (14).
Since determining the optimal partition of the fading state
space is in general a difficult task, we consider suboptimal
strategies in order to demonstrate the possible improvements
of adopting variable decoding order. In particular, one strategy
is

λπ(1)

SNRπ(1)zπ(1)
≤ λπ(2)

SNRπ(2)zπ(2)
≤ ... ≤ λπ(M)

SNRπ(M)zπ(M)
(17)

whose performance was shown in [7] to be close to that of the
optimal one, which maximizes the weighted sum-throughput
in the special case of two users and constant arrival rates.

V. NUMERICAL RESULTS

While the analysis above is general, we in this section
provide numerical results considering the case of two users,
i.e., M = 2, and assuming a symmetric setting in which
SNR1 = SNR2 = SNR and θ1 = θ2 = θ. The channel fading
magnitude-squares z1 and z2 are exponentially distributed with
arbitrary correlation ρ. Also, for discrete Markov sources, we
set p11 = 1−q and p22 = q. In all figures, we plot the regions
of average arrival rates (or equivalently the throughput regions)
achieved by TDMA, SC-FDO and SC-VDO.

In Figure 1, we plot the throughput regions for p22 =
q = 0.5 and q = 0.3 when the arrivals are modeled as a
discrete Markov process and we have θ = 1, SNR = 10, and
ρ = 0. For these parameter values, we notice that the SC-
VDO using the strategy in (17) provides the largest throughput
region, demonstrating the benefits of variable-decoding order.
Interestingly, sum-rate achieved by TDMA exceeds that of SC-
FDO. In this figure, we also observe the impact of burstiness
on rate regions. When p22 = q, which is the probability for ON
state, has a lower value, data arrivals of given rate r occur less
frequently and hence the source is more bursty. It is clearly
seen that increased source burstiness reduces the throughput
regions of all strategies in a similar fashion.

In Figs. 2 and 3, we plot the throughput regions again
considering discrete Markov arrivals. In Fig. 2, we observe
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Fig. 1. Throughput regions for discrete Markov sources when θ = 1, SNR =
10 and ρ = 0.
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Fig. 2. Throughput regions for discrete Markov sources when q = 0.5,
SNR = 10 and ρ = 0.

that increasing θ from 0.1 to 1 (or equivalently imposing more
stringent QoS constraints) reduces the throughput regions. We
also notice that while TDMA results in the smallest throughput
region for less strict QoS constraints (i.e., when θ = 0.1),
TDMA sum rate exceeds that of SC-FDO when θ is increased
to 1. Hence, buffer constraints have significant impact on
the performance of different communication strategies. In
Fig. 3, we see that increasing SNR expectedly improves the
throughput regions. Surprisingly, TDMA sum-rate becomes
the largest at SNR= 30, which is in stark contrast to the results
in the absence of buffer constraints in which TDMA is always
suboptimal with respect to superposition transmissions.

In Fig. 4, we consider Markov fluid arrivals. Fading cor-
relation is ρ = 0.1. We demonstrate the effect of different
values of the transition rates α and β on the throughput region.
Having α small and β large (with α + β fixed) results in
a smaller probability for the ON state, representing a more
bursty source. Again, as in Fig. 1, we note that increased
burstiness hurts the throughput.

VI. CONCLUSION

We have studied the throughput regions of TDMA, SC-FDO
and SC-VDO schemes in multiple-access fading channels in
the presence of Markov data arrivals and QoS constraints. We
have obtained expressions for the maximum average arrival
rates in terms of the effective capacity of different multiple-
access transmission schemes. We have demonstrated that
source burstiness and stricter QoS constraints adversely affect
the throughput. We have also seen that while SC-VDO can
provide improvements on the throughput region, the simple
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Fig. 3. Throughput regions for discrete Markov sources when q = 0.5,
θ = 0.7 and ρ = 0.
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Fig. 4. Throughput regions for Markov fluid sources when θ = 1, SNR = 10
and ρ = 0.1.

strategy of TDMA becomes favorable in terms of sum rates if
QoS constraints are strict or SNR is high. Under stricter QoS
constraints, transmitters become more conservative and admit
only smaller arrival rates which can be effectively supported
by TDMA. When SNR is high, interference becomes more
significant, and interference avoidance via TDMA tend to
improve the performance.
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