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Abstract—In this paper, we propose an energy efficient cross-
layer design framework for transmitting Markov modulated
Poisson process (MMPP) traffic over Nakagami-m fading channel
with delay demands. The adaptive modulation and coding (AMC)
is used at physical layer. We first investigate the stationary
distribution of this system. With the stationary distribution and
the AMC transmission mode, we derive the close-form expression
of the delay and the energy efficiency. Then, we derive the energy
efficient thresholds to choose the transmission mode. At last, we
get the energy efficient transmission policy with delay constraint
for given traffic. Numerical results are provided to support the
theoretical development.

I. INTRODUCTION

For the rapid growth of mobile data traffic and battery
powered mobile terminals, energy efficient communications
are becoming increasingly important. While a large number
of approaches have been proposed to reduce the energy
consumption from the physical layer, very few studies focus
on the cross-layer optimization.

Adaptive modulation and coding (AMC) can enhance
throughput to time-varying channel conditions [1], [2], which
has been widely applied in current wireless communication
systems and has been incorporated in several wireless stan-
dards, i.e., IEEE 802.11a and IEEE 802.16e. Although AMC
is mainly used to improve the spectral efficiency of a link for a
given set of quality of service (QoS) requirements, its unique
nature for enhancing upper layer protocol design has spurred
the development of cross-layer approaches. These approaches
can integrate the QoS provisioning protocols at higher layers
with energy efficient AMC implemented at the physical layer.

Many recent works focus on cross-layer designs combining
AMC schemes with automatic repeat request (ARQ) [3]-
[5]. However, for the delay-aware traffic from upper-layer,
we should consider the traffic state. In [2], [6]-[8], while
the traffic and channel is known, the policy of choosing
modulation constellation dynamically depending on incoming
traffic state and buffer state in addition to channel state is
studied. However, their works focus on the throughput and do
not consider the energy efficiency. In [9], [10], the authors
proposed a unified reinforcement learning solution for finding
the joint optimal AMC and dynamic power management
policies when the traffic arrivals and channel statistics are
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unknown. The performance of energy efficient transmission
power has not been studied in their works either.

Taking a broader view, our work follows the energy efficient
cross-layer design approach, which aims to take the system
variations and statistics at multiple layers of the protocol stack
into account. In particular, the transmission decisions are part
of the physical layer. The retransmission of packet is controlled
by the data link layer. The delay-aware traffic statistics and
the queue condition are the parameters of higher layers. Our
contribution can be summarized as follows:

o We obtain, via finite state Markov chain, the closed-form
expression of delay of the system, which considers the
queuing delay and the transmission delay.

o We derive the closed-form expression of the system
throughput by taking into account the packet drop caused
by both the channel transmission error and buffer over-
flow. The average power consumption is also obtained.

o We derive the energy efficient thresholds to partition the
SNR, which will improve the energy efficiency in com-
parison with other existing partitions from [1], [8]. And
we present performance results to support the theoretical
development.

o We get the energy efficient transmission policy with delay
constraint. For the large average arrival traffic, the energy
efficient transmission policy is the same no matter what
the delay demand is. For the small average arrival traffic,
the energy efficient transmission policy is different with
different delay demands.

II. SYSTEM MODEL
A. Channel Model

Consider a point-to-point frame-by-frame communication
system, with each frame composed of a number of packets.
The channel is frequency-flat and block fading and is also
corrupted with additive white Gaussian noise (AWGN) n with
zero mean and variance o2,

For transmit power constant at e, the channel quality can
be captured by a single parameter, namely the received signal
to noise ratio (SNR) ~. Due to block fading, we assume -y

remains invariant within each transmission frame but can vary
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from frame to frame. We consider the general Nakagami-m
fading model. Then the received SNR v per frame follows a
Gamma distribution with probability density function (PDF):
an,ym—l mey
f5(v) = ST (m) eXP( 5 ) (1
where ¥ £ E{v} is the average received SNR, I'(m) =
fooo t"™—Lle—tdt is the Gamma function, and m is the fading
parameter (m > 1/2). We choose the Nakagami-m channel
model because it applies to a large class of fading channels.
we consider adaptive modulation and coding for transmis-
sion at the physical layer. Let N denote the total number of
AMC transmission modes available. The entire SNR range
is divided into N + 1 nonoverlappi% consecutive intervals,
with boundary points given by {fyn}njol, where 79 = 0 and
YN+1 = —+oo. The channel is said to be in state n when
Y € [YnsYn+1)- Then the fading process can be represented by
a finite-state Markov chain (FSMC). With (1), the probability
that the channel is in state n is given by

’Yn#»l
Py(n) = / F1(x)dry. @)

Let the transmission rate corresponding to channel state n be
denoted as b, bits per channel use.

B. Traffic and Queuing Model

We assume that the user’s incoming traffic is a Markov
modulated Poisson process (MMPP), where in any state the
incoming traffic is Poisson distributed and the transitions
between the states are governed by an underlying Markov
chain. A wide range of multimedia traffic can be represented
with a MMPP model, which is accurate and reasonable [11],
and the poisson arrival is the special case of this model.

Let F = {f1, fa, -, fi} denote the set of states of the
incoming traffic and P, y. denote the probability of transition
from state f; to state f;. Each state follows Poisson distribution
with average arrival rate \;, ¢ = 1,2, --- , K. Denote the row
vector 7/ = [xf 7l ... ,71'{(] as the stationary distribution of
the incoming traffic, and it satisfies 7/ = 7/Pf, where P/
is the transition probability matrix for the underlying Markov
chain governing transitions between traffic states. The arrival
transition matrix P/ is a right stochastic matrix, we can write
Zle Py, y; = 1. By the stationary distribution 7/, we can
get the average arrival rate as \ = Zf{zl 7rgc A

The user’s queuing model is a single server M/G/1
queue [12], and the buffer is finite with size M. The M/G/1
model assumes Markovian or memoryless arrivals at average
rate A\, a general service distribution and a single server.
Therefore, A\ is the mean packet generation rate from the
traffic I, and ¢, is the service rate at the physical layer
corresponding to channel state n. The service rate ¢, is in
the set of C = {cy, -+ ,en}-

III. CROSS-LAYER QUEUING AND DELAY ANALYSIS
A. Queuing Analysis

1) Service Rate: We assume that a packet is in error if
at least [ out of packet size L bits are corrupted. Then we

can characterize the average packet successful transmission
probability Ps corresponding to channel state n as

L
P =1-3 ()(BYQ-B) O
i=l
where Pb” is the average uncoded bit error rate (BER) for
channel state n, which is shown in (27).
In the M/G/1 queue model, the packet service time S, in
state n has the following probability mass function:

P{STn = an} = F)Sn(]‘ - ]5 )kilvk = 1527' o ’N;na:r(’4)

Sn

where 7, represents the packet transmission time when the
channel is in state n,

L
T TubuR,’
where 7, and R are the time unit and the symbol rate

respectively. From (4), we can get the mean service time at
channel state n:

&)

Tn(bp)

maw
N

E{Sz,} = > kmaPs, (1= P, )
P (6)

- Tn o maz D _p Ny

-2 (1= (1 NPy, ) (1= Py, )N

Sn

From (5) and (6), the service rate c,, at state n is given by:

T b R ps — = max -1
- % |:1 B (1 + N:narpsn)(l - Psn)NT :| (7)

2) Stationary Distribution: Let index t denote the time unit
and A; be the amount of packets generated by the source
between time ¢ and ¢t — 1. From the MMPP model, we can get

Cn

a
Aje

TW,WZEJF, if0<a<A

0, otherwise .

P(Ar=alfi) = { ®)

Let S; be the queue state at the start of the ¢-th time slot,
and S; € S = {5010,51 =1,---,sn :M} Let ¢y € C
denote the number of packets removed from the queue at the
start of each time slot. The resulting recursion of the queue
state can be summarized as

St :min{M,maX{O,St,l —Ct}+At} (9)

Let (Fy—1,Ct, St—1) denote the states of the traffic and the
service and the queue, and let P, ¢, s.).(f;.c,,s) denote the
transition probability from (Fy_1 = f;,Ct = ¢z, Si—1 = $q)
to (Fy = fj,Cey1 = ¢y, St = s1), where (f;,¢z,84) € F %
C xS, and (fj,cy,s1) € FxCxS. We can organize the state
transition probability matrix in a block form

P = I:R(fivcm)v(fjvcy):l ’0 S 7’7] S K’O S z,y S N7 (10)

where Ry, c.),(f;,c,) can be shown in (11). Thus, the Markov
chain has the total states [ = K x N x (M + 1).

The element of Ry, c.).(f;.c,) 1S shown in (12), where
Py, r. and P . represent the transition probabilities of
the traffic states and channel states respectively. The second
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P(f’ivcmas())v(fjvcyasﬂ)

P(f’iacaraso)a(fjvcyasl)

P(friacm»so),(fpcy,SM)

P(fi1crvsl)a(fivcy150) P(f’hcﬂﬂ?‘sl)’(fjvcy'rsl) P(fi,CI,Sl),(fj,Cy.,S]u)
Rfica)(fyen) = (11)
P(fhc:msM):(fjvcyaSO) P(fiyczasl\/l)7(fjscy’51) P(fiyczasl\/l)w(fjscy’sl\l)
P(fi,cz,sq),(fj,cy,sl) = P(Ft = fja Ct+1 = nyst = 51|Ft71 = fi;Ct = Cqg, Si_1 = Sq) (12)
= Py 1, Pe, e, P(St = si|Fio1 = fi, Se—1 = s4).
P(A; = s —max{0,s, —c.} | fi), if0< s <M,
P(St = 5l|Ft71 = fivStfl = Sq) = ( ! : { a Hf) . : (13)
1720§5l<MP(St:5l|Ft—1:tht—l:Sq)a lfSl:M.

equality in (12) follows from the fact that both the channel
transition and the traffic transition are independent of others.

We assume slow fading so that transition happens only
between adjacent states. The nonzero elements P, ., is de-
scribed in [1]. At the same time, the conditional probability
of (12) can be derived as (13). Therefore, based on (12)
and (13), we can get the transition probability matrix P.

We propose a lemma to prove that the stationary distribution
™= [ﬂ-(fl,cl,su)’ T (frensm) T T (frenso)s T
T(fisenysa)r " s T(freye1,80)0 " exists.

Lemma 1. The stationary distribution 7 of the process
{(F}, St, C),t > 0} exists, and 7wy — ™ as t — o0.

» T (frc e ,SM)

Proof: Based on the theorem of [13, Theorem 4.1], the
Markov chain {(F3, S¢, Ct),t > 0} exists stationary distribu-
tion only when the Markov chain is irreducible and recurrent.

The MMPP traffic has nonzero transition probability for
each transition from f; to f;, denoted as f; — f;. And
from (13), we can get P {(cy,Sq)|(css84)} = P(Ar =
sq —max {0, s, — ¢z} | fi), then the transition

(fi,czvsq) — (fjvcxasq) (14)

has nonzero probability.
When the traffic stays in the state f;, the transition proba-
bility

P{(cz,5q)|(cas51)} = P(Ay = sy — max {0, 8, — ¢ } |f]>
Thus, the transition from

(fi>caer8q) = (fjs oy 51) (15)

has nonzero probability. The channel state x can always
have transition path to the state y from the neighbour state,
then state ¢, can go to state ¢,. And P {(cs,s)|(cy,s1)} =
P(A; = s —max {0, s; — ¢, } | fi), therefore,

(fjscars0) = (fj: ¢y, 50) (16)

also has nonzero transition probability. Based on (14), (15)
and (16), we know that the {(F}, St, Ct),t > 0} is irreducible.

On the other hand, based on the conclusion of [13], that
all states in a finite irreducible Markov chain are recurren-
t. In all, the stationary distribution of the Markov process
{(Ft,St,Ct),t > 0} exists. |

Now, the stationary distribution is obtained by solving

D

f€EF s€S,ceC

™ = 7'l'P7 T(f,s,c) = 1. (17)
The solution 7r is the left eigenvector of P corresponding to
the eigenvalue 1.

3) Packet Dropping Rate: Let P, denote the packet drop-
ping rate. When the remaining space of the queue is smaller
than the number of packet arrivals, packet overflow happens.
With the current service rate C}, the remaining space is
re = M — (St—1 — Cy). Thus the queue can accommodate 7
arriving packets in the current time slot. Now, if the number
of arriving packets A; is larger than r;, A; — r; packets will
be dropped. Therefore, based on the stationary distribution of

m, we can compute Py as [2]
E{D} _E{D}

T
D
P;2 lim 2= Dr _ = . 18
s BT W

The average number of dropped packets E {D} can be found
in (19). where 0(z,y) is a positive difference function, which
returns the difference of x and y when x > gy, and returns
0 when =z < y. With P, available, we can get the effective
average traffic rate and the system throughput.

B. Delay Analysis

Based on the queue state and service rate, we can get the
actual service rate given (S=s, C=c) as
c ifc=cy,5>¢
o s - (20)

ifc=c,,s<c

cn(S:s,C:c):{

2Cn,
Thus, the average service rate calculation corresponding to
state n can be derived as

Cn(S = S, C= C)W(&c)

ZsESp:cn W(S)c)

, @21)
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E{D} =

>

feF,seS,ceC

[0(A¢, M —

(Si—1 —C4)) x P(Ay = alf) x 7fsc],

19)

where 7(, ) denotes the stationary distribution of the system
state. Therefore, considering the influence of queuing, the
average spectral efficiency is b, ib”'

The effective traffic rate into the queue can be evaluated
as 7 = A1 — P,). By [12], using the Pollaczek-Khintchine
formula, we can get the mean queue length for state n as

on — rE {57, } @)
2(1—6,)"
where §,, = r/¢, is the traffic intensity or utilization, and

E {S%n} is the second moment of the service distribution.
Using (4), we can get E{S%n}. For notational brevity,
E {S%n} L f PS”’NmaL)

Theorem 1. A necessary condition about the existence of a
steady state of the queue and the finite numbers of packet
dropping is that the average received SNR should satisfy 7 >
Nemins and pin 1S the 7 by setting Zn 1 Pr(n)e, = hy

Proof: We omit the proof due to limited space. [ |
It is known that the average waiting time of a packet consists
of queuing time and service time for the M/G/1 queue, and
the queuing delay is D, = <, which is akin to Litte’s
formula [12]. In summary, the average delay W,, for a packet
corresponding to state n is given by (23), where 7, (b,) is
given by substituting b,, into (5). Thus, the average delay for
a packet with AMC can be derived as

— N —
= ZPr(n)W

n=1

(24)

Substituting (23) into (24), we can get the average delay w.

IV. ENERGY EFFICIENCY ANALYSIS

In this section, we determine the energy efficient transmis-
sion policy with the joint effects of finite length queue and
AMC also with the delay-aware arrival traffic.

A. Energy Efficiency

Whenever the CSI feedback to the transmitter falls within
the interval [y,,,Vn+1). the transmission rate b, of AMC is
chosen, data is transmitted with power e,, () at time-slot ¢.
Thus, the received SNR is ve,, ((v)/€, and v = elh(t)l
|h(t)]* denotes the instantancous channel power gain. The
BER for transmission mode n can be expressed as a function
of the received SNR ~e,, ((7)/€ as [14]

15 eni()
bn —1 e

By considering the traffic and queueing influence, we should
use the average transmission rate b,, to replace b,,. From (7),

, where

PJ' ~ 0.2exp(— ¥y Y <Y < Yoy (25)

(20) and (21), we can get b, = "b Thus, we get the
transmission power for each AMC mode as follows:
e(2b" —-1) 02
—In—.

1.5 P

Let ]51? denote the average BER corresponding to state n,
from (2), we can derive P}’ as

_ 1 Tn+1 1.5
P = 0.2
b= Bo(n) / xp(—55, 1

n

ent(7) = (26)

)fv( )dy.

Thus, the average transmission power in channel state n is

Tt g(2bn — D
Ent = / — ,Lf (v)dvy
. 1.5v P K

From (2) and (28), we can approximate the actual average
transmission power with AMC at time slot ¢ as

N
= Z éthT(n)
n=1

The system throughput is the average rate at which packets
are successfully transmitted. Therefore, the packet dropping
rate from queuing and packet violation from the channel with
N%* retransmissions are influencing the system throughput.
For an average packet arrival rate )\, a packet dropping rate
P, and an average packet successful transmission rate P, the
system average throughput 7' can be calculated by

T=X1-Py)(1—(1-P)N"™), (30)

where P, is corresponding to (18). The average probability
of successful packet transmission P, can be calculated as the
ratio of the average number of packets successfully transmitted
over the total average number of transmitted packets

S S P (n)P,

27)

(28)

(29)

P, = 3
’ 25:1 e (n)
Based on (29), (30) and (31), the energy efﬁciency is
T MN1-P 1 — PN
foe 2 = = ( d)JS ( . (32)
€t Zn:l en’tP”’(n)

It can be noted from (2) that different thresholds ~,, deter-
mine the probability distribution of different transmission rate
b, over F x S x C with 7 available, which can be also called
the transmission control policy (., 7).

Theorem 2. For a given transmission policy 1° = u(+2,7°),
fee is nondecreasing as increasing the buffer size M, and fe..
converges to a supremum.

Proof: We haven’t shown the proof due to limited space.

|

Theorem 2 reveals the influence of the buffer size to energy

efficient transmission. The buffer size should be large enough
while we only consider the energy efficient transmission.
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- TGy Tuf(Ps,, Nj"%)

Wn - T +TuE{STn} -

2(1 - (Sn)

_|_

b T — max
Tn(gn) u |:1 _ (1 +N;naxpsn)(1 o Ps,L)NT } )

n

(23)

B. Energy efficient Thresholds

The choices of thresholds {71, vz, - ,yn} can be arbitrary.
In [8], the equal probability method (EPM) was proposed.
The partition based on minimum SNR required to acheive
Piarget (MSRE) was proposed in [1]. Since we want to get the
energy efficient transmission, we set the threshold ~,, for the
channel state n to be the energy efficient SNR. We consider
no retransmission, f.. corresponding to channel state n can
be written as

fee(7)

where f(y) = Ps,.

Taking derivative of (33) with respect to v and equating it to
zero, it can be shown that the energy efficient partition (EEP)
~i satisfies f(v%) = v f'(7). Tt is shown in [15] that for
an S-shaped (sigmoidal) function, f(v%) = ~*f'(y¥) has a
unique solution, and f() is S-shaped.

AL = Py) [h(t) £(7)
o2 v

(33)

Lemma 2. The energy efficient thresholds -~ (n
1,---,N) is the unique solution of the following equation:

% /3277;76,/337 + anQ(VBry) = 1, where o, = 2(1 —
27072, B, = 2%?771 and Q(-) is the complementary cumu-

lative distribution function of the standard Gaussian variable.
Proof: The proof is Based on [15, Eq. (4),(5),(6)],
C. Energy Efficient Policy with Delay Constraint

Based on the energy efficient thresholds ~;;, we can formu-
late the energy efficient optimization problem as

max  fee,

L. =¢(7) < ;

st W=6(7) Wo (34)
’y < P)/mamu
7)/ 2 ﬁminz

where ¥,,i, and ;4. are the minimum required SNR from
theorem 1 and the maximum average received SNR, and %%
is corresponding to (24). Our objective is to determine the
optimal prescribed average received SNR 7°P'(T;) at the
physical layer that maximizes the f.., which corresponds to
the energy efficient transmission policy based on the queue
state and the traffic state as well as the delay demand.

The nonlinear function of f.. is complex, (34) can be
numerically solved by Golden-Section method [16]. Then, we
can get the energy efficient solution 7°P*(Wy) = arg max fe.
with delay constraint W,. Hence, for given traffic F, the
energy efficient transmission policy with delay constraint can
be determined as

1" = (v, 77 (Wo)).-

The energy efficient average transmission power P! can also
be determined based on (29).

@
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Fig. 1. Energy efficiency versus average SNR with MSRE and EEP.

V. NUMERICAL RESULTS AND DISCUSSION
A. System Parameters

Unless specified otherwise, for all simulations, we assume
that number of traffic, channel and queue states are K = 2,
N =7 and M + 1 = 51 respectively. The packet size L =
1080, the maximum retransmission times of packet is [NV"*** =
6. Maximum number of packet arrivals A = 15, average arrival
rate, A\; = 1 packets/time-unit and Ay = 2 packets/time-unit.
The symbol rate R; = 100KHz; The Nakagami parameter
m = 1; Doppler frequency f; = 10 Hz. We assume that
block (also called frame) length 7;, = 2 ms.

B. Performance of the analysis

Fig. 1 shows the average energy efficiency, we can see that
the method of EEP can offer better energy efficiency than that
of MSRE, although the gap of the energy efficiency is very
small at some SNRs. The energy efficiency is increasing when
increasing the average arrival rate. However, when the average
SNR is increasing greatly, there is no increasing in energy
efficiency of both the MSRE and EEP for the small average
arrival rate. The blue curve shows the energy efficiency
without adaptive modulation (W/O-AM) with average traffic
arrival A\ = 2 packets/time-unit, which performs much worse
than the cross-layer policy with adaptive modulation.

Ensure the energy efficient transmission, we can also ob-
serve from the figure that the average SNR should be as
large as possible when the average arrival rate is large, i.e.,
A = 2 packets/time-unit, which means that the probability
of choosing large transmission rate should be increased. With
regard to the delay, we can see from Fig. 2 that the delay is
decreasing when increasing the SNR. Thus, the SNR should
be increased when the delay demand is more strict. Therefore,
there exists an optimum energy efficient transmission policy
under different delay constraints. Based on Fig. 1 and Fig. 2,
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Fig. 3. Optimal energy efficiency versus the delay constraint Wy.

the energy efficient SNR for the small average arrival rate
is decreasing when the delay demand is increasing, i.e.,
X = 1 packets/time-unit. Consequently, when the delay is more
tolerant, the energy efficient transmission policy for the small
average arrival traffic is that the probability of choosing small
transmission rate is larger. On the other hand, when the delay is
more sensitive, the energy efficient transmission policy for the
small average arrival traffic is that the probability of choosing
large transmission rate is larger. However, the energy efficient
transmission policy for the large average arrival traffic is the
same no matter what the delay demand is.

Fig. 3 shows the optimal energy efficiency versus the delay
Wy for different arrival rates, we use EEP for AMC transmis-
sion. We can observe from the curve that the energy efficiency
is increasing when increasing W) at the regime of small W.
At the regime of large Wy, the optimal energy efficiency
converges to a stable value. Therefore, the optimal energy
efficient transmission policy at large delay region is almost
the same irrespective of delay and arrival rate variations.

VI. CONCLUSION

In this paper, we present a cross-layer framework that
determines the energy efficient transmission policy based on
both the physical layer and the upper-layer information. We
derive the closed form expression of delay considering joint

effects of the general traffic arrival model and queuing states as
well as the general channel model. With regard to the physical
layer transmission, we propose an energy efficient partition
method to achieve the AMC transmission. Our numerical
results show that the energy efficiency performs better than the
existing partition methods with the energy efficient partition.
At last, we get the energy efficient transmission policy for
different delay-aware services.
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