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Energy-Efficient Communications in MIMO Systems
Based on Adaptive Packets and Congestion

Control With Delay Constraints
Kunlun Wang and Wen Chen, Senior Member, IEEE

Abstract—In this paper, we propose adaptive techniques for
multiple input and multiple output (MIMO) systems, to solve the
problem of energy efficient communications with delay constraint,
where the energy efficiency is defined as the number of bits per
second correctly received per power consumed. We first investigate
the optimal multiple quadrature amplitude modulation (MQAM)
constellation size for each transmission stream and the optimal
packet size. By exploiting the intrinsic relationship among the
constellation size, the packet size, the symbol error rate (SER)
and delay, we propose an adaptive transmission mode for different
delay demands. For the case of user’s buffer overflow, we use the
congestion control algorithm to schedule the average queue length,
and maintain the optimal delay performance for energy efficiency.
Simulations show that to maximize the energy efficiency and offer
different Quality of Service (QoS) of delay simultaneously, the
transmitter should adaptively choose the constellation size and the
packet size as well as the transmission mode. In this framework,
the tradeoff between energy efficiency and delay demand are well
demonstrated.

Index Terms—MIMO, energy efficiency, packet size, MQAM
constellation size, delay, congestion control.

I. INTRODUCTION

R ECENTLY, energy efficient communications in wireless
networks have attracted much research attention. In com-

munication theory, the throughput and the power are respec-
tively the common measures of the benefit and the cost of a
communication system, while the energy efficiency, expressed
as the throughput per power, is to use the power as efficiently
as possible.

The packet size, the constellation size and the delay con-
straint are some key factors to influence the energy efficiency
of a communication system [1], [2]. A large packet is suscep-
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tible to error which may cause retransmission, so as to affect
the throughput [1] and the energy efficiency. On the other
hand, when the packets generated from upper layer, they will
be transmitted by the physical layer. Large constellation size
of physical layer requires more power for transmission with
particular symbol error probability, while small constellation
size can reduce the transmit power. Thus, a specific modulation
has impact on the energy efficiency. When the packet size,
the constellation size and the symbol error rate (SER) are
given, the packet delay can be derived. Then, under different
delay constraints, different throughput and transmission power
are required [2], which hence influences the energy efficiency.
Motivated by these issues of energy efficiency, we try to find
the optimal packet size and the optimal constellation size for
energy efficient communications, and investigate the optimal
energy efficiency for given delay constraints, which is a cross-
layer optimization model. Cross-layer design based on energy
and delay optimization in small-scale sensor networks are con-
sidered in [3], [4], although multiple input and multiple output
(MIMO) energy efficiency is not the main objective of these
works. Similar cross-layer methodology can be applied.

There exists several studies on the packet size optimization
for wireless networks [5], [6], which consider the maximization
of energy efficiency subject to transmission power or data rates.
In [7], [8], energy efficient packet size for sensor network
has been studied. However, these works did not consider the
inherent relation between the packet size and the delay aware
energy efficiency. On the other hand, in [9], the authors use the
convex-optimization method to study the optimal modulation
that can minimize the energy consumption per bit under the
delay constraint in multi-hop time division multiple access
(TDMA) networks, but not considering different modulation
sizes for each stream. In [10], the influence of the constellation
size to the energy efficiency of a MIMO system has been
shown, and it has been shown that the optimal constellation size
can dramatically increase the energy efficiency. However, the
influence of the constellation size to the power consumption of
the MIMO streams has not been considered there, although the
optimal power allocation for MIMO streams has been studied in
[11]. On the other hand, MIMO systems are not always superior
to the single input and multiple output (SIMO) systems due to
different circuit power consumption [2]. Since multiple trans-
mission antennas require multiple circuits (mixers, synthesiz-
ers, digital-to-analog converters, filters, etc). Hence the circuit
power of MIMO transmission is higher than that of SIMO [10].
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Therefore, a better transmission mode from MIMO and SIMO
can be chosen to improve the energy efficiency [10], [12].

The delay demand can influence the energy efficiency [3],
[13]–[15]. The existing works majorally focus on the trade-
off between the average delay and the average transmission
power, not considering the MIMO/SIMO mode switching. In
[12], the delay aware MIMO/SIMO switching strategy is pro-
posed, however, which is based on the flow delay not including
the optimization of the constellation size. On the other hand,
long delay may cause buffer overflow, which has not been
considered in the area of energy efficiency in most of the
recent research works. In fact, buffer overflow can be solved by
congestion control algorithm, which is the main function of the
transmission control protocol (TCP). Note that the congestion
problem has been considered in [16], and the congestion infor-
mation is transmitted back to the source by putting the conges-
tion price in the acknowledgement (ACK) packets. Therefore,
one can utilize the congestion control algorithm to solve the
buffer overflow in energy efficiency by taking the queue length
in the buffer of the user as the congestion price.

In this paper, we optimize the constellation size for each
stream to achieve the energy efficient transmission in MIMO
systems. Meanwhile, we simultaneously derive the optimal
packet size to maximize the energy efficiency. Since SIMO
systems may be more energy efficient than the MIMO systems
in some packet delay circumstances, we propose an adaptive
MIMO/SIMO transmission strategy to improve the energy ef-
ficiency, and select the optimal antenna for SIMO mode. To
our best knowledge, considering the packet size, the modula-
tion size and the antenna selection in the delay aware energy
efficiency, has not been considered so far, and the prior works
in this area did not explicitly take into account the effect of the
packet delay constraint to antenna selection in MIMO systems.

Due to the burst service and the long delay, there will be
congestion causing buffer overflow in the user, which can
influence the energy efficiency. To deal with this problem, we
use the congestion control algorithm and the virtual queue
algorithm to offset its influence, and then we can see the
superiority and the convergence property of the algorithms. In
all, we consider the cross-layer model in the user station, from
which the optimal energy efficiency solution can be asymptoti-
cally obtained. The energy-delay tradeoffs in wireless networks
have been studied in various works [12]–[14], [17]. But the
energy-delay tradeoff investigated in this paper is based on
energy efficient transmission in MIMO systems considering the
circuit power.

The rest of the paper is organized as follows. Section II de-
scribes the system model, including the transmission model and
the queuing model. In Section III, we analyze the optimal con-
stellation size for the MIMO wireless transmission. Section IV
shows the delay performance. In Section V, we show the
simulation results, and the conclusions are made in Section VI.

Notations: E(·), ‖·‖F , ‖·‖2 and (·)H , denote the expectation,
the Frobenius norm, the Euclidean norm and the conjugate
transpose, respectively. Tr{X} is the trace of matrix X. diag(·)
is a diagonal matrix. �x� is the largest integer number that is not
larger than x, and �x� is the smallest number that is not smaller
than x.

Fig. 1. System model.

II. SYSTEM MODEL

A. Physical Layer Channel Model

Consider a MIMO system with the bandwidth of B, shown
in Fig. 1, where the transmitter is equipped with Nt antennas
and the receiver is equipped with Nr antennas. Without loss
of generality, we assume Nt ≤ Nr, so that Nt independent data
streams can be transmitted simultaneously through the MIMO
channel. Let s= [s1,s2, . . . ,sNt ]

T denote the information symbol
vector to be transmitted at each time instant. Each element
si can come from a 2bi-QAM modulation and is subject to a
unit power constraint E{|si|2} = 1. We assume that Nyquist
pulses are used and hence the MQAM symbol rate is approxi-
mately equal to the transmission bandwidth B. The total number
of information bits that can be transmitted at each time is
given by

b =
Nt

∑
i=1

bi.

Let P= diag{√pt1,
√

pt2, . . . ,
√

ptNt} be the power allocation
matrix of the information symbols and Q be the precoding
matrix. Then the received signal vector at the receiver, denoted
as y = [y1,y2, . . . ,yNr ]

T , can be written as

y = HQPs+n, (1)

where H = Nr × Nt is the channel matrix and n =
[n1,n2, . . . ,nNr ]

T is a Gaussian distribution noise with zero
mean and the covariance matrix (N0B)INr , and INr is the identity
matrix. The knowledge of the channel matrix H is assumed to
be known at both the transmitter and the receiver.

B. Link Layer Queuing Model

The transmitted bits at the physical layer come from the link
layer in a packet basis. Each packet has a size of L bits, among
which Lh bits are the header and

Lp = L−Lh

are the payload bits. When the receiver correctly receives a
packet, it will send back an ACK packet to the transmitter,
which is the signal passed between transmitter and receiver to
signify acknowledgement or receipt of response. If the receiver
can not correctly receive the packet, the transmitter will repeat
transmitting the packet until it is received correctly.
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The link layer packets arrive at the transmitter into a first-
in-first-out (FIFO) queue, and the buffer is finite with size Q0.
Consider that the user’s link layer constructs packet streams
with the packet size of L bits. With regard to the delay perfor-
mance of the packet, assume that the user’s queuing model is a
single server M/G/1 queue [16], shown in Fig. 1, where r is the
mean packet generation rate from the data link layer, and µ is
the mean service rate at the physical layer. Clearly, the service
rate µ depends on b, the total number of transmitted bits through
the channel at each time as determined by the channel model
in (1).

III. POWER MINIMIZED CONSTELLATION SIZE

In this section, we determine the optimal constellation size
for power consumption minimization in the MIMO system
subject to a given target rate, and the power consumption
includes transmission power and the circuit power.

A. Power Calculation

Since we assume that H is known at both the transmitter and
the receiver, we can apply singular value decomposition (SVD)
based transmission [18]. In specific, let H = UΛVH , where U
and V are respectively Nr×Nr and Nt ×Nt unitary matrices, and

Λ = diag [λ1,λ2, . . . ,λNt ] , (2)

where λi ≥ 0 represents the singular value of H, and we assume
that H has a rank of Nt . We set the precoding matrix Q = V
and the receiving matrix B=UH . Correspondingly, the decision
vector for the transmitted symbols is

ŝ = ΛPs+UHn Δ
= ΛPs+ n̂, (3)

where n̂ = UHn is the effective noise.
From (3), the receiver can detect each symbol independently,

and derive the achieved SNR of all the received symbols as

Γ Δ
=

[
pt1λ2

1

N0B
,

pt2λ2
2

N0B
, . . . ,

ptNt λ2
Nt

N0B

]
. (4)

We know that the SNR per symbol is

γsi

Δ
=

ptiλ2
i

N0B
B
Rs

=
ptiλ2

i

N0Rs
, (5)

for i = 1, . . . ,Nt , where Rs is the symbol rate.
It is well known that [19], the SER of MQAM modulation

with size 2bi , is given by

pe (bi,γsi) = 2(1−2−bi/2)Q

(√
3

2bi −1
γsi

)
, (6)

where Q(·) is the complementary cumulative distribution func-
tion of the standard Gaussian random variable and bi is the
constellation size for symbol si. Using Chernoff upper bound,
we have

pe (bi,γsi)≤ 2(1−2−bi/2)e
− 3

2bi−1

γsi
2 . (7)

For the purpose of simplicity, we assume that the target SER
for each stream is the same and given by pe. Therefore, by (4),
(5) and (7), the transmission power for symbol si is given by

pti(bi)≈
N0Rs

λ2
i

2(2bi −1)
3

ln
2(1−2−bi/2)

pe
. (8)

Next we introduce the power consumption model. The total
power consumption of the transmitter consists of the over-the-
air transmission power and the circuit power.

From (1) and (8), the total transmission power Pm({bi}) of
the MIMO system can be calculated as

Pm({bi})≈
Nt

∑
i=1

N0Rs

λ2
i

2(2bi −1)
3

(
ln

2
pe

+ ln
(

1−2−
bi
2

))
. (9)

The circuit power consumption Pc of the MIMO system in-
cludes two parts. The first part circuit power consumption at
each transmit antenna is a constant power P0, and second part
circuit power consumption at each antenna linearly scales with
the transmission rate bi, that can be denoted as αbi for some
constant α [20]. Thus

Pc =
Nt

∑
i=1

(αbi +P0). (10)

In all, we can get the total power consumption of the trans-
mitter as

P̂m = Pm ({bi})+
Nt

∑
i=1

(αbi +P0). (11)

B. Constellation Size Optimization

Now, we consider that the transmission bit rate from the
upper-layer is a constant. Then b = ∑Nt

i=1 bi is a constant for
given symbol rate Rs. Consider bi ≥ bmin for some lower bound
bmin. Our objective is to optimize bi of the symbol si, to get the
minimal power consumption.

Since the design variable bi is an integer number, exhaustive
search is a feasible way to solve this problem. However, for
the purpose of reducing complexity, we relax bi to be a real
number, and prove that this is a convex optimization. Since (11)
is complicated, we can give a tight upper bound of (11) and
minimize the upper bound instead. Since 1−2−bi/2≤1, we have

Pm ({bi})≤
Nt

∑
i=1

N0Rs

λ2
i

2(2bi −1)
3

ln
2
pe
. (12)

From (11) and (12), we can get

P̂m ≤
Nt

∑
i=1

N0Rs

λ2
i

2(2bi −1)
3

ln
2
pe

+α
Nt

∑
i=1

bi +NtP0. (13)

Thus, From (13), we can formulate the optimization problem to
derive the optimal constellation size as

min ∑Nt

i=1

N0Rs

λ2
i

2(2bi −1)
3

ln
2
pe

+α
Nt

∑
i=1

bi,

s.t. bi � bmin,

∑Nt

i=1 bi = b. (14)
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Note that the objective function in problem (14) is convex.
We refer to Lagrangian multiplier to solve the problem. Let
κ and ν denote the Lagrange multipliers associated with the
constraints in the optimization problem (14). The Lagrangian
function is then given by

L(b,κ,ν) =
Nt

∑
i=1

(
N0Rs

λ2
i

2(2bi −1)
3

ln
2
Pe

+αbi

)

−
Nt

∑
i=1

κi(bi −bmin)+ν

(
Nt

∑
i=1

bi −b

)
. (15)

So the necessary and sufficient conditions for optimality are
given by the Karush-Kuhn-Tucker (KKT) conditions [21],⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

b∗i ≥ bmin,

∑Nt
i=1 b∗i = b,
κ∗

i ≥ 0,
κ∗

i (2−b∗i ) = 0, i = 1, . . . ,Nt ,
βi2b∗i +α−κ∗

i +ν∗ = 0, i = 1, . . . ,Nt ,

(16)

where

βi
Δ
=

2ln2
3

ln
2
pe

N0Rs

λ2
i

,

κ∗
i and ν∗ denote the optimal multipliers, b∗i is the optimal bi.

We can directly solve the equations in (16) to find b∗i , κ∗
i and

ν∗. Thus we have

b∗i =

{
log2

(
−α−ν∗

βi

)
, ν∗ ≤ −α−βi2bmin ,

bmin, ν∗ >−α−βi2bmin .
(17)

Substituting (17) into the condition ∑Nt
i=1 b∗i = b, we can obtain

the optimal ν∗ and b∗i . Since bi is an integer number, we choose
the optimal constellation size bopt

i as

bopt
i

Δ
= arg min

bi∈{�b∗i �,�b∗i �}
|bi −b∗i | .

From (9) and bi ≥ bmin, we can get the lower bound of the
transmission power as

Pm ({bi})≥
Nt

∑
i=1

N0Rs

λ2
i

2(2bopt
i −1)
3

ln
2(1−2−bmin/2)

pe
. (18)

Thus, we can use (18) to lower bound the total power consump-
tion of the transmitter.

Denote P̂opt
m and P̂∗

m as the total powers corresponding to the
constellation size bopt

i and b∗i respectively. Define the relative
error ε caused by approximating bopt

i using b∗i as

ε =
P̂opt

m − P̂∗
m

P̂∗
m

. (19)

If the relative error ε exceeds a predefined tolerance level, e.g.,
10−2, we can further refine the solution by applying the ex-
haustive search method. As a consequence, the user determines
the optimal power on each stream. So we can get the optimal
transmission strategy for required pe. The optimal bi is deter-
mined by the singular value λi of the channel matrix H and the
SER pe. It is clear that the packet delay is directly related to pe,

so as to affect the power consumption. In the next section, we
will investigate the delay-aware energy efficiency for the data
link layer packet.

IV. DELAY PERFORMANCE

In this section, we investigate how delay affects the optimal
energy efficiency in details. The energy efficient constellation
size obtained in the previous section will be used to derive the
delay-aware optimal energy efficiency.

A. Throughput and Energy-Efficiency

Assume each packet contains L bits. Define the transmission
time per packet as

tL =
L

Rs ∑Nt
i=1 bi

. (20)

Since not all the transmitted data in the packet are information
bits, we define the effective throughput T as the payload infor-
mation that can be correctly received per second as [22]–[24]:

T =
Lp ps

tL
=

L−Lh

L

Nt

∑
i=1

biRs ps. (21)

To facilitate the analysis of packet throughput, the probability
of successful packet transmission at the link layer, denoted as
ps, needs to be derived. Based on the relationship of the packet
and the symbol, ps can be expressed as a function of the SER
pe for each data stream.

The packet can be divided into Nt streams to be transmitted
by the physical layer and the number of information bits for
each stream linearly scales with the data rate. Then we can get
the number of information bits from each stream in a packet as:

Li =
biL

∑Nt
i=1 bi

.

So the number of symbols for each stream in a packet is Li/bi.
With the assumption of the same SER, we can get

ps =
Nt

∏
i=1

(1− pe)
Li
bi = (1− pe)

Nt L/∑Nt
i=1 bi . (22)

Now we come to define the energy-efficiency as

fee
Δ
=

T
Pt +Pc

, (23)

where Pt is the total transmission power as in (9) and Pc is the
circuit power at the transmitter as in (10).

Denote Popt
m as the total transmission power corresponding

to the constellation size bopt
i . We have the data rate ∑Nt

i=1 bi = b,
and assume that L can take continuous value. So differentiating
(23) with respect to L leads to:

∂ fee

∂L
= f

(
bopt

i , pe
)[Lh

L2 (1− pe)
L
b

+
1
b

(
1− Lh

L

)
(1− pe)

L
b ln(1− pe)

]
, (24)
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Fig. 2. The header information Lh = 32 bits.

where f (bopt
i , pe) = [Popt

m +∑Nt
i=1(αbopt

i +P0)]
−1

. By setting
(24) to zero, we find that there is only one real solution. Thus
we obtain the closed form solution of the optimal packet size
expression as:

L∗ =
Lh +

√
L2

h −
4bLh

ln(1−pe)

2
. (25)

This stationary point is a maximum follows from the second
order derivative. Since the packet size is an integer number, we
can take the optimal packet size as

Lopt Δ
= arg min

L∈{�L∗�,�L∗�}
|L−L∗|.

It can be seen that when the required SER pe and the data
rate b are determined, the optimal packet size Lopt will be
determined. Fig. 2 shows the energy efficiency and the optimal
packet size versus the SER in the scenario of single transmitter
and single receiver, which demonstrates that the optimal packet
size can improve the energy efficiency greatly compared with
the constant packet size. However, this doesn’t mean that
the packet size should always be variable. Since additional
overhead and resource management costs are involved for the
variable packet size, we should therefore determine the optimal
fixed packet size based on parameter available at the time of
design.

In Fig. 3, we can see that in the low SER regime, i.e.,
Pe ≤ 5×10−4, there is no great difference in energy efficiency
for different SER when using a fixed optimal packet size instead
of the optimal packet size. Meanwhile, in the high SER regime,
i.e., pe ≥ 5× 10−3, there is again no big difference in energy
efficiency for different SER when using another fixed optimal
packet size instead of the optimal packet size. With the fixed
optimal packet size, we can still achieve the near optimal energy
efficiency. Thus, we assume that while the receiver knows the
SER during one time block, it will control the transmitter to
set the optimal packet size fixed over a long time horizon,
which is practical and convenient to derive the delay in the next
subsection.

Fig. 3. Energy-efficiency versus the packet size L, with Lh = 32 bits and b= 4.

B. Delay Analysis

In M/G/1 queue model, the packet service time ST has the
following probability mass function:

P{ST = nτ}= ps(1− ps)
n−1, n = 1,2, . . . ,∞, (26)

where τ represents the packet transmission time when the queue
is serving one packet in one time slot, which is given by

τ =
L

bRs
. (27)

From (26), we can get the mean service time:

E{ST}=
∞

∑
n=1

nτps(1− ps)
n−1

=
τ
ps
. (28)

From (27) and (28), the service rate µ is given by:

µ =
1

E{ST}
=

ps

τ
=

bRs ps

L
. (29)

Note that the service rate µ is a constant regardless of the
packet number Q in the buffer. Let rQ and µQ be respectively
the generation rate from source and the service rate when there
are Q packets in the buffer. Thus, the M/G/1 queue is a birth-
death process with rQ = r(Q ≥ 0) and µQ = µ(Q ≥ 0). By [25],
using the Pollaczek-Khintchine formula, we can get the mean
queue length as

Q̄q =
r2E

{
S2

T

}
2(1−δ)

, (30)

where δ = r/µ is the traffic intensity or utilization, and E{S2
T}

is the expectation of the second moment of the service distribu-
tion. Using (26), we can get

E
{

S2
T

}
=

2τ2

p2
s
− τ2

ps
. (31)
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It is known that for an M/G/1 queue the average waiting time
of a packet consists of queuing time and service time, and the
queuing delay is

D̄q =
Q̄q

r
, (32)

which is akin to Little’s formula [25]. In summary, with (28),
(30) and (32), the whole delay for a packet is given by

D̄ = D̄q +E{ST}=
Q̄q

r
+

1
µ
=

2bRsL− rL2

2b2R2
s ps −2rbRsL

. (33)

C. Adaptive MIMO/SIMO Transmission Mode

So far, we have derived the optimal constellation size for
energy efficiency in a MIMO system and the packet delay for
given pe. Since pe is related to the numbers of the transmission
for a packet, which is proportional to the delay, different delay
requirements will result in different values of pe, which will
create different transmission power consumption Pt by (9).

Since the total circuit power Pc for SIMO and MIMO are
different, the transmission power Pt and the circuit power Pc

can alternately become the dominant part of the total power
consumption at particular delay performance for SIMO and
MIMO. In the following, we will study the switching between
the SIMO and MIMO systems by the energy efficiency criteria.

We consider the SIMO systems by performing antenna selec-
tion on the user’s antennas in the MIMO systems. Let hi j be the
channel fading coefficient from the j-th transmit antenna to the
i-th receive antenna. Then the best channel gain is chosen as

gSIMO = max
j∈{1,···,Nt}

hH
j h j = max

j∈{1,···,Nt}

Nr

∑
i=1

|hi j|2, (34)

where h j is the j-th column vector of H.
By [26], we can get the SNR of the SIMO systems as

SNRs =
Popt

s gSIMO

N0B
,

where Popt
s is the optimal transmission power in the SIMO

systems. From (5) and (7), the transmission power for the user
is

Popt
s =

N0Rs

gSIMO
× 2(2b −1)

3
ln

2(1−2−b/2)

pe
, (35)

and the total power consumption for SIMO systems is

P̂opt
s = Popt

s +αb+P0. (36)

To select the transmission mode with the maximum energy
efficiency, we only need to select the transmission mode which
consumes less power at the same throughput, that can be
denoted as

t∗ = arg min
t∈{m,s}

P̂opt
t , (37)

where m and s stand for MIMO and SIMO modes respectively.
Therefore, we can adaptively change the transmission mode to

meet the user’s QoS of delay, and allocate the transmission
power to ensure the optimal energy efficiency of the user at
the same time. In the simulations, we will show the energy
efficiency performance of MIMO and SIMO for different QoS
of delay.

Proposition 1: There exists a delay threshold

D̄� =
2bRsL− rL2

2b2R2
s p�s −2rbRsL

between the optimal MIMO transmission mode and opti-
mal SIMO transmission mode, making f s

ee = f m
ee, which is a

crossover point, where f s
ee and f m

ee are the energy efficiency for
the SIMO and MIMO respectively. When the user’s service is
delay sensitive sessions, we will choose MIMO transmission
mode, otherwise, we choose SIMO transmission mode, from
which we can get the optimal energy efficiency.

Proof: From (9), when the SER pe is small, we know that
the transmission power Pt will be large and dominates the total
power consumption, since Pt → ∞ as pe → 0. Hence the circuit
power is negligible compared to the transmission power and
P̂m ≈ Pm({bi}) and P̂opt

s ≈ Popt
s , and the transmission SNR is

high. By (5) and (7), for a particular pe and the same symbol
transmission, we assume that the MIMO systems transmit the
same copy of the symbol ss per antenna. Then we have

γs
s = γm

s = SNR
B
Rs

.

Thus, the received SNR of the SIMO, SNRs, and the received
SNR of MIMO, SNRm have the relation of SNRs = SNRm. From
(3), we can get

ŝ =
√

PmΛs̃+UHn,

where s̃ = [ss,ss, · · · ,ss]
T︸ ︷︷ ︸

Nt

and Pm is the transmission power for

the transmission symbol ss with constellation size b = ∑Nt
i=1 bi.

Therefore

SNRm =
PmTr{ΛΛH}

N0B
=

Pm‖H‖2
F

N0B
.

This is equivalent to the SNR of the symbol transmission with
the space-time block coding [27].

For the channel H, while we select the transmit antenna with
best channel gain to the receive antennas from (34), we can get

SNRs =
Popt

s gSIMO

N0B
.

Therefore, we have Pm = SNRmNoB
‖H‖2

F
, and Popt

s = SNRsNoB
gSIMO

. Note

that

gSIMO = max
j∈{1,···,Nt}

Nr

∑
i=1

|hi j|2,

and

‖H‖2
F =

Nt

∑
i=1

λ2
i =

Nr

∑
i=1

Nt

∑
j=1

|hi j|2,
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we have ‖H‖2
F > gSIMO, which results in Pm < Popt

s with
SNRs = SNRm. And in the high SNR regime, in comparison
with multiplexing and space time block coding, we can get
Pm({bopt

i }) ≤ Pm at the same transmission rate [27], then we
have Pm({bopt

i })< Popt
s . Therefore

f s
ee ≈ T/Popt

s < T/Pm
({

bopt
i

})
≈ f m

ee.

This shows that MIMO mode outperforms the SIMO mode in
terms of energy efficiency for fixed rate b, that is the optimal
transmission mode t∗ =m, where m stands for the MIMO mode.

On the other hand, when pe is close to 1, the circuit power Pc

will dominate the total power consumption, that is P̂opt
m ≈ Pm

c
and P̂opt

s ≈ Ps
c . Since

Pm
c =

Nt

∑
i=1

αbi +NtP0 >
Nt

∑
i=1

αbi +P0 = Ps
c ,

we have

f s
ee ≈ T/Ps

c > T/Pm
c ≈ f m

ee.

This shows that the SIMO transmission mode can be selected
to improve the energy efficiency, resulting in the optimal trans-
mission mode t∗ = s, where s stands for SIMO mode.

By (33), the average delay D̄ is a function of the successful
transmission probability ps. Since ps = (1− pe)

Nt L/b, therefore,
D̄ is a function of pe. Since f s

ee < f m
ee for small pe and f s

ee >
f m
ee for large pe, there must exist a p�e such that f s

ee = f m
ee. This

means that

D̄� =
2bRsL− rL2

2b2R2
s p�s −2rbRsL

is the delay threshold value for selecting the transmission mode,
where p�s = (1− p�e)

Nt L/b. �
Proposition 1 suggests that if the user has the delay tolerant

service, the optimal SIMO transmission mode can be superior
to the optimal MIMO transmission mode, otherwise the optimal
MIMO mode is better. As a result, the tradeoff between the
delay and the optimal energy efficiency is shown. Note that
Proposition 1 is derived under the condition r < µ, which
ensures a finite average queue length.

Another important issue is that the optimization of energy
efficiency may be influenced by user’s congestion, which can
make the optimal solution not satisfy the delay demand. In the
next subsection, the virtual queue with congestion control algo-
rithm is proposed to reduce the queuing delay. Meanwhile, the
service rate is preserved, so as to keep the power consumption
at low level and make the optimal transmission efficient and
robust simultaneously.

D. Buffer Overflow

In the previous subsection, we have defined the delay of
the packet transmission, and the user can choose the energy
efficient transmission mode based on the delay sensitive and
delay tolerant services. This is particular useful for applications
where delay is an important measure of the quality of service.
In the case of serving the delay tolerant applications, however,

the SER makes the service rate low. Furthermore, in the prac-
tical systems, the low service rate and the time varying data
generation rate from upper layer may generate congestion, that
is, buffer overflow, i.e., rQ ≥ µQ. Thus, we should optimize the
delay performance to reduce the congestion influence.

The user’s queue model and congestion control algorithm
will affect the transmission time of the packet [16], and make
the queue length stable. We consider that the queue length of
the user at the beginning of the time slot t is Q(t), the arrival
process {r(t)} is assumed to be independent and identically
distributed from one time slot to another. Therefore, We can
get the evolution of the queue length in the buffer as

Q(t +1) = (Q(t)+ r(t)−µ(t))+ , (38)

where (x)+ is equal to x when x > 0, and zero otherwise.
1) Congestion Control Algorithm: For the user, given its

current queue length Q(t) at time slot t, the data generation rate
as r(t), and the threshold of the queue length for the congestion
control signal as Q0, the congestion control algorithm is shown
in Algorithm 1.

Algorithm 1 Congestion Control Algorithm

1: initialize the maximize transmission rate rs and the arrival
rate bound M;

2: whileQ(t)≥ Q0do
3: select the positive constant K;
4: if K

Q(t)m ≤ Mthen

5: r(t) = K
Q(t)m ;

6: else
7: r(t) = M;
8: end if
9: at the same time, compute the maximal service rate

bRs ps/L from (29);
10: ifQ(t)rs ≤ bRs ps

L then
11: µ(t) = Q(t)rs;
12: else
13: µ(t) = bRs ps

L ;
14: end if
15: end while

In the congestion control algorithm, m and K are positive
constants assuming that the utility function of user is K r1−m

1−m
when it transmits at rate r, and rs is the maximum transmission
rate for the user at particular channel state [16]. Here we
consider that the rate rs is constant. With the congestion control
algorithm, the mean queue length can eventually reach stable,
and the packet arrival rate with the service rate are scheduled by
the controller, and we will see the convergence property of them
in the simulation part. To accomplish optimal delay at the same
µ, we can design an algorithm to reduce the mean queue length.
We will see the superiority of energy efficiency in the next part.

2) Virtual Queue: By now, we have solved the problem of
buffer overflow. In many cases, we want to make the delay
below a certain value while keeping the energy efficiency. We
can solve this problem by implementing the user’s scheduler
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Fig. 4. Virtual queue model at the user.

using virtual queue [28]–[30], which is shown in Fig. 4, and
can be described into three steps:

• Step 1: For each flow i, the user maintains a counter called
the virtual queue. The virtual queue of flow i will count the
length of the virtual queue, and the arrival rate r(t) of the
virtual queue is as that of the flow i.

• Step 2: The service rate µ(t) is always a fixed fraction
β < 1 of the actual service rate µi(t) of flow i, that is
µ(t)= βµi(t). However, the control signal which feedbacks
to data generation source is the virtual queue length Q̃i(t).

• Step 3: When the virtual queue is evolved to the case of
Q̃i(t)≥ Q0, the congestion control algorithm is scheduled.

So we can get the result that the virtual queue length Q̃i(t)
for flow i will always be larger than the actual queue length
Qi(t) for the reason of virtual service rate. The upper layer
of the user will reduce its arrival rate ri before its actual
queue being busy. So the congestion is virtual, making the
stable queue length shorter. Choosing β close to 1, we can
sacrifice throughput minimally, however, the queue-length can
be dramatically reduced.

3) Delay Analysis: Note that the total packet delay includes
queueing delay and transmission delay. By the congestion con-
trol algorithm, we can reduce the average queue length, but the
mean service rate for the user does not decrease significantly.
Define the mean queuing delay of the virtual queue with con-
gestion control as D̄v

q. We can get the stable queue length of the
virtual queue with congestion control as Q̄v

q = rD̄v
q. Therefore,

the total packet delay D̄v of the virtual queue with congestion
control is given by:

D̄v = E{ST}+ D̄v
q =

1
µ
+

Q̄v
q

r
. (39)

The congestion control and virtual queue algorithm can keep
the queue length finite and low. Let Q̄q be the average queue
length of the actual queue with congestion control. Then, we
can get Q̄v

q < Q̄q. Let D̄q be the queuing delay of the actual
queue with congestion control. Then D̄v

q < D̄q, which makes
a shorter delay with the same successfully received packet
probability. Under the condition of the same delay demand,
from (22) and (9), we can get the relationship Popt

t∗ > Pv, where
Pv is the transmission power of the optimal delay performance
of virtual queue, which makes f t∗

ee perform best at particular
delay D. Then, we can get the optimal transmission mode
t∗ = argmaxt∈{m,s} f t

ee from the delay optimization algorithm,
which makes D̄v short and stable.

TABLE I
PARAMETERS

Under the congestion condition, if we do not consider
the congestion control algorithm, it will cause the increasing
of energy consumption, and reducing the energy efficiency.
However, the congestion control can improve the energy effi-
ciency for a specific delay, making the optimization robust. In
summary, the proposed algorithm can make the optimization
practical for the buffer overflow and energy efficient for delay
tolerant sessions, which will be demonstrated by simulations
in the next section. The delay that we analyze in this paper
is the average value. If we want to analyze the instantaneous
delay alternatively, we can use discrete time queueing analysis
in [31], which can derive the probability generating function for
the packet delay. In general, obtaining a closed form expression
for the instantaneous delay probability distribution is still dif-
ficult. Therefore, it is difficult to analyze the optimal energy
efficiency in such case.

V. NUMERICAL RESULTS

This section presents simulation results to evaluate the adap-
tive transmission strategy and the proposed congestion control
algorithm in energy efficient communications. We consider the
uplink system with a total bandwidth B = 5 MHz, and the sym-
bol rate Rs = B. The user’s upper layer packets arrival follows
a Poisson process. The other parameters are listed in Table I.

A. Performance of the Optimization

Fig. 5 shows the energy efficiency as a function of the delay
performance for different transmission modes. For the purpose
of simplicity, we set r/µ = 499/500. We can see that the
optimal MIMO transmission can always offer better energy
efficiency than that by allocating random rate bi with different
delay demands in MIMO transmission mode, and the optimal
MIMO transmission is approaching the MIMO upper bound
derived from (18). Furthermore, there exits a crossover point
between the optimal MIMO and the optimal SIMO transmis-
sion, which is coincide with the analytic results. When the delay
requirement is lower than that corresponding to the crossover
point, the optimal MIMO is superior in energy efficiency. Oth-
erwise, the SIMO offers better energy efficiency. These results
further indicate that the energy efficiency can be improved for
non-real time sessions by turning off the antennas with low
gain. In general, the service can be divided into two classes:
delay tolerant and delay sensitive. Specifically, when the delay
requirement is higher than 20 ms, we call the service be delay
tolerant, otherwise, the service is delay sensitive. Therefore, we
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Fig. 5. Energy efficient transmission for MIMO and SIMO. b = 8 for the user,
α = 25 mw/bit/s/Hz, and P0 = 60 mW.

Fig. 6. Energy efficiency versus P0 for optimal MIMO and SIMO. b = 8.

can choose the most energy efficient transmission mode for the
upper layer service according to delay tolerant or sensitive.

Fig. 6 shows the energy efficiency versus P0. We observe that
the energy efficiency decreases with P0 increasing, due to more
power consumption. We can see that the circuit power of the
crossover point f m

ee = f s
ee for the delay sensitive service is larger

than that for the delay tolerant service. This can be explained
by the fact that the transmission power is dominant in the delay
sensitive service. Thus, we should increase P0 to make Pc =
Pt . Here, we set average delay D̄ = 20 ms for delay-sensitive
service and D̄ = 30 ms for delay tolerant service. As expected,
the delay tolerant service can be superior in energy efficiency.

B. Congestion in the Buffer

Specifically, to measure the fluctuation of the congestion
control algorithm, we examine the variations of the service

Fig. 7. Convergence properties of the service rate and data generation rate for
the user with specific pe.

Fig. 8. Convergence property of queue length for the user with specific pe.

rate and packet generation rate for specific pe. With the buffer
overflow, Fig. 7 shows the convergence properties of µ and r,
both of which can be kept stable. Fig. 8 shows the average
queue length, which converges to a stable value. In addition,
to optimize the queuing delay, we can choose the virtual queue
parameter β close to 1, from which the queue length can be
decreased, but the service rate do not decrease. Simultaneously,
the mean queuing delay can be computed from the mean
queue length and the data generation rate from upper layer.
Consequently, the throughput T does not change obviously with
shorter delay. Hence, we can get the energy efficient gain with
the same delay condition.

Fig. 9 shows the superiority of the energy efficiency with the
delay optimization. Under the condition of congestion control,
the adaptive SIMO/MIMO is the transmission strategy choos-
ing the MIMO transmission mode or the SIMO transmission
mode. We choose the optimal transmission mode t∗ for different
delay demands. Finally, we can see that with the same delay, the



2178 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 14, NO. 4, APRIL 2015

Fig. 9. Comparison of energy-efficiency with and without virtual queue
model, when b = 8. where CC and VQ represent the congestion control
algorithm and virtual queue algorithm respectively.

proposed algorithm can increase the energy efficiency greatly
in different delay conditions compared with that without virtual
queue. At the same time, we can see that the energy efficiency
gap between the two curves is big when the delay is short, due
to more power consumption when µ is increased.

VI. CONCLUSION

In this paper, we propose a cross-layer design model for the
delay-aware energy efficiency. We first investigate the energy
efficient communications with the effect of the constellation
size in wireless physical layer. To achieve energy efficient
communications, we optimize the constellation size for each
stream, based on which, we study the delay aware energy
efficiency for the upper layer service. We design the optimal
packet size with the specific SER and derive the delay perfor-
mance. By considering the circuit power consumption, we find
the crossover point to select the energy efficient transmission
mode between the optimal MIMO and the optimal SIMO for
different delay-aware applications. In dealing with the user’s
buffer overflow from the burst service, we propose a congestion
control with virtual queue algorithm to offset the influence,
which can further enhance the energy efficiency in certain delay
condition in comparison with that without virtual queue.
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