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Abstract—In this paper, we propose a cross-layer design model
for multiple input and multiple output (MIMO) cellular systems,
to solve the problem of energy efficient communications with
delay demand. We first investigate the energy efficient multiple
quadrature amplitude modulation (MQAM) constellation size
for each transmission stream. With the demand of the packet
delay, then we propose an adaptive MIMO/SIMO transmission
mode by exploiting the intrinsic relationship between the upper
layer packet delay and the constellation size, the symbol error
rate (SER) from the physical layer. Simulations show that in
order to maximize the energy efficiency and offer different
Quality of Service (QoS) of delay simultaneously, a user should
adaptively choose the constellation size as well as the transmission
mode. In this framework, the tradeoff between energy efficiency
and delay demand are well demonstrated.

Index Terms—MIMOj; Energy efficiency; Cross-layer Design;
MQAM Constellation Size; Delay.

I. INTRODUCTION

Recently, energy efficient communications in wireless net-
works have attracted much research attention. In communi-
cation theory, the throughput and the power are respectively
the common measures of the benefit and the cost of a com-
munication system, while the energy efficiency, expressed as
the throughput per power, is to use the power as efficiently as
possible. The physical layer constellation size and the different
delay demands from upper layer service can be combined to
yield cross-layer design for energy efficiency.

When the packets generate 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 rate (SER), and small constellation
size can reduce the transmit power. When the constellation
size and the SER are given, the packet delay can be derived.
Then, under different delay demand, different throughput and
transmission power are required [1], which hence influences
the energy efficiency. Motivated by these issues, we try to find
the energy efficient communications for given delay demand.

Cross-layer design based on energy and delay optimization
in sensor networks are considered in [2], [3], although multiple
input and multiple output (MIMO) energy efficiency is not the
main objective of these works. Similar cross-layer methodol-
ogy can be applied. In [4], the influence of the constellation
size to the energy efficiency of a MIMO system has been
shown. However, the influences of the constellation size to the
power consumption of the MIMO systems and the delay of the
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Fig. 1. System model.

upper layer packet have not been considered there, although
the offset QAM is often employed in [5] and the optimal
power allocation has been studied in [6]. The delay demand
can influence the energy efficiency [2], [7]. The existing works
mainly focus on the tradeoff between the average delay and the
transmission power, not considering the MIMO/SIMO mode
switching, since MIMO systems are not always superior to
the single input and multiple output (SIMO) systems due to
different circuit power consumption [1]. Therefore, a better
transmission mode from MIMO and SIMO can be chosen to
improve the energy efficiency [4], [8]. In [8], the delay aware
MIMO/SIMO switching strategy is proposed, however, which
is based on the flow delay not including the optimization of
the constellation size.

In this paper, we formulate and solve an energy efficient
cross-layer problem. In order to achieve the energy efficient
transmission for the link layer packet, we optimize the con-
stellation size for each symbol. Since SIMO systems may be
more energy efficient than the optimal MIMO systems in some
packet delay demand, we propose an adaptive MIMO/SIMO
transmission strategy, and select the optimal antenna for SIMO
mode. To our best knowledge, considering the cross-layer
model 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.

II. SYSTEM MODEL

A. Physical Layer Channel Model

Consider a MIMO system with the bandwidth of B Hz,
shown in Fig. 1, where the transmitter is equipped with N,
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antennas and the receiver is equipped with [V, antennas.
Without loss of generality, we assume N; < N,., so that N
independent data streams can be transmitted simultaneousl

through the MIMO channel. Let s = [s1,82, " ,SN,]

denote the information symbol vector to be transmitted at
each time instant. Each element s; can come from a 2Vi-
QAM modulation and is subject to a unit power constraint

E {\sz|2} = 1. The total number of information bits that can

be transmitted at each time is given by b = Zf\[:’l b;.

Let P = diag{q/ptl,‘/th,"' ,‘/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, - ,yNT}T, can be written
as

y =HQPs +n, ()
where H = N, x N; is the channel matrix and n =

[n1,n2,-- ,nx.]" is a Gaussian distribution noise with zero
mean and the covariance matrix (NoB)Iy,, and Iy, 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. When
the receiver correctly receives a packet, it will send back an
ACK packet to the transmitter. If the receiver can not correctly
receive the packet, the transmitter will repeat transmitting the
packet until it is received correctly.

The link layer packets arrival at the transmitter in a first-
in-first-out (FIFO) queue. Consider that the user’s link layer
constructs packet streams with the packet size of L bits. With
regard to the delay performance of the packet, assume that
the user’s queuing model is a single server M/G/1 queue [9],
shown in Fig. 1, where r is the mean packet generation rate
from the data link layer, and p is the mean service rate at the
physical layer. Clearly, the service rate p 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 MINIMIZATION 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 [10]. In specific, let H = UAVH | where
U and V are respectively N, x N, and N; x N; unitary
matrices, and

A = diag [\, Ags -+ A, ] @)

where \; > 0 represents the singular value of H, and we
assume that H has a rank of N,. We set the precoding matrix

Q = V and the receiving matrix B = U Correspondingly,
the decision vector for the transmitted symbols is

§=APs+UMn 2 APs +n, (3)

where i = U n is the effective noise.

From (3), the receiver can detect each symbol independent-
ly, and derive the achieved SNR of all the received symbols
as

ra prA? poA3 DN AR, @)
NoB’' NgB’ ' NyB
We know that the SNR per symbol is
s PuXN; B puX} )
7T NeBR., NoR.’

fort=1,---, Ny, where R is the symbol rate.
It is well known that [11], the SER of MQAM modulation
with size 2%, is given by

3
pe(bz-,wsi)=2(1—2bi/2)Q< 21,_17> (6)

where ((-) is the complementary cumulative distribution
function of the standard Gaussian random variable and b; is the
constellation size for symbol s;. Using Chernoff upper bound,
we have

sy

3
Pe(biyys,) < 2(1 =27/ (7)
For the purpose of simplicity, we assume that the target
SER for each stream is the same and given by p.. Therefore,
by (4), (5) and (7), the transmission power for symbol s; is
given by

NoR 2(2115 1) 2(1 _ 24%/2)
i(by) ~ 1 7
pri(bi) )\72 3 n o

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 P,,({b;}) of
the MIMO system can be calculated as

Z Noft, 71) <1n2 +In(1 — 2‘%) .
Pe

©))
The circuit power consumption P, of the MIMO system
includes two parts. The first part circuit power consumption
at each transmit antenna is a constant power Fp, and second
part circuit power consumption at each antenna linearly scales
with the transmission rate b;, that can be denoted as ab; for
some constant « [12]. Thus

®)

Pn({bi}) =

Ny
P, = Z (ab; + Py) . (10)
i=1
In all, we can get the total power consumption of the trans-
mitter as
Ny
P’m = m({bi}) + Z (Osz + P()) .

i=1
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B. Constellation Size Optimization

Now, we consider that the transmission bit rate from the
upper-layer is a constant. Then b = Zf\[:tl b; is a constant for
given symbol rate R;. Consider b; > by, for some lower
bound b,,;,,. Our objective is to optimize b; of the symbol s;,
to get the minimal power consumption.

Since the design variable b; is an integer number, exhaustive
search is a feasible way to solve this problem. However, for
the purpose of reducing complexity, we relax b; 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 —27%/2 <1,
we can get
N, Ny
- NoR, 2(2% — 1), 2
P, < = = b; + NP, 12
47;2; ¥ 3 o +-CM;£; + NPy, (12)

Thus, From (12), we can formulate the optimization problem
to derive the optimal constellation size as

min vatl NiR Mln +aZNt bi,
s.t. b7 bmzna
Z?]:tl bi b.

Note that the objective function in problem (13) is convex.
We refer to Lagrangian multiplier to solve the problem. Let
% and v denote the Lagrange multipliers associated with the
constraints in the optimization problem (13). So the necessary

and sufficient conditions for optimality are given by the
Karush-Kuhn-Tucker (KKT) conditions [13],

b*>bmzn7
Ef\]tlbf*b
Ky >0,
KE2=b)=0, i=1,---,N,
B2k +a—kf+vr =0, i=1,---

(13)

Il \\/~

(14)
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h
where M2, 2 NyR,
——In———,

3 Pe A
x; and v* denote the optimal multipliers, b} is the optimal b;.
We can directly solve the equations in (14) to find b}, x; and
v*. Thus we have

g2

a—v < oy — B bmin

= flom (=555) v mam g
bmzn; vE> —a— 5i2b7’””.

Substituting (15) into the condition vatl by = b, we can

obtain the optimal v* and b]. Since b; is an integer number,
we choose the optimal constellation size b*" as

b & arg  min |b; — b7
bie{[b7 1,107 1}
From (9) and b; > b,in, We can get the lower bound of the
transmission power as

port

N 2 2 i —1 2(1 — 27bmin/2
{b}>>z ofts )12 g ).

(16)

Thus we can use (16) to lower bound the total power con-
sumption of the transmitter.

Denote Pﬁlpt and P;L as the total powers corresponding
to the constellation size b;” " and b respectively. Define the
relative error € caused by approximating b;"" " using br as

I
=

m

o))

If the relative error ¢ exceeds a predefined tolerance level,
e.g., 1072, we can further refine the solution by applying
the exhaustive search method. As a consequence, the user
determines the optimal power on each stream. So we can get
the optimal transmission strategy for required p.. The optimal
b; is determined by the singular value \; of the channel matrix
H and the SER p.. It is clear that the packet delay is directly
related to p., 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

We define the transmission throughput 7" as the information
that can be correctly received per second as [14]:

Ny
T= Rsps Z bi:
i=1

To facilitate the analysis of packet throughput, the probabil-
ity 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 p, for each data stream. Assume each packet contains
L bits.

The packet can be divided into V; streams to be transmitted
by the physical layer, the information bits for each stream
are linearly scale with the data rate. Then we can get the
information bits from each stream in a packet as:

(18)

bl
' va=t1 bi7
then we can get
A L N.L/ SN b
pe= ] =pe)7 = (1 —p) ==t 19)
i=1
Now we come to define the energy-efficiency as
T
P 20
fEA Pt _|_ Pc7 ( )

where P; is the total transmission power as in (9) and P, is
the circuit power at the transmitter as in (10).



B. Delay Analysis
In M/G/1 queue model, the packet service time St has the
following probability mass function:

P{Sr=n1}=ps(1 —p)"" ', n=1,2---,00,(21)

where 7 represents the packet transmission time when the
queue is serving one packet in one time slot, which is given
by

L

- . 22
TR (22)
From (21), we can get the mean service time:
E{Sr} =) nrp(1—ps)""
n=1 (23)
_T
Ps
From (22) and (23), the service rate p is given by:
1 s ORDs
— Ps _ DsPs (24)

FoES 7~ 1
Note that the service rate y is a constant regardless of the
packet number () in the buffer. Let 7o and p¢ be respectively
the generation rate from source and the service rate when there
are () packets in the buffer. Thus, the M/G/1 queue is a birth-
death process with rg = r (@ > 0) and pg = p (Q > 0).
By [15], using the Pollaczek-Khintchine formula, we can get
the mean queue length as

_ r?E {52

o, ELH)
2(1-9) "’

where § = r/u is the traffic intensity or utilization, and

E {52} is the second moment of the service distribution.
Using (21), we can get

2T
E{st} = P2 s

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 D, , which is akin to Little’s
formula [15]. In summary, the Whole delay for a packet is
given by

(25)

,]_2

Qq 2R, L — rL?
E{Sr} = .
+EASTY = SRy, — 2R
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 p.. Since p. 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 p., which will
create different transmission power consumption P, by (9).

Since the total circuit power P. for SIMO and MIMO are
different, the transmission power P, and the circuit power P,
can alternately become the dominant part of the total power
consumption at particular delay performance for SIMO and

D= (26)

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
selection on the user’s antennas in the MIMO systems. Let
h;j be the channel fading coefficient from the j-th transmit
antenna to the ¢-th receive antenna. Then the best channel
gain is chosen as

max h¥ h; =

; max
JE{L, N}

gsiMo =
JE{1,++ N,

Z |his*, @7
=1
where h; is the j-th column vector of H.

By [10], we can get the SNR of the SIMO systems as

t
PP gsivo

Ns: B
SNR NoB

where PP! is the optimal transmission power in the SIMO
systems. From (5) and (7), the transmission power for the
user is

NoRs,  2(20—1) 2(1—27%/2
povt = 070 ( )2 ), (28)
9SIMO 3 De
and the total power consumption for SIMO systems is
PoPt — PoPt L ab 4 P, (29)

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 P
te{m,s}

(30)

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 at the same
time. In the simulations, we will show the energy efficiency
performance of MIMO and SIMO for different delay demands.

Proposition 1. There exists a delay threshold

~. 2R, L—rL?

*

~ 202R2p% — 2rbR,L

between the optimal MIMO transmission mode and optimal
SIMO transmission mode making 5. = [ which is a
crossover point, where fJ, and fI7 are the energy efficiency for
the SIMO and MIMO respecnvely. 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 p. is small, we know
that the transmission power P, will be large and dominates the
total power consumption, since P, — oo as p. — 0. Hence the
circuit power is negligible compared to the transmission power
and P, ~ P,,({b;}) and P°P* ~ PPt By (5) and (7), for
a particular p. and the same symbol transmission, we assume



that the MIMO systems transmit the same copy of the symbol
ss per antenna. Then we have

S __ mo S B
Vs = Vs = NRE
Thus, the received SNR of the SIMO, SNR,, and the
received SNR of MIMO, SN R,,, have the relation of SNR, =
SNR,,. From (3), we can get

§=+/P,As+Uln,

- T . L.
where § = [S4, 85, ,Ss|” and P, is the transmission power

Ny
for the transmission symbol s with constellation size b =
Zfi"l b;. Therefore

onp - PoT{AAT} Py H
" NoB NoB
This is equivalent to the SNR of the symbol transmission with
the space-time block coding [16].

For the channel H, while we select the transmit antenna
with best channel gain to the receive antennas from (27), we
can get

SIMO
SNR, =59
NoB
Therefore, we have P, = M, and Port = SNE:NoB
[IH]| % S gsiMo
Note that
N’!"
gsrmMo =  max E |hij|2a
JE{1,+ \Ni} “—
i=1
and
N, N, N,
2 2 2
[HE =Y 27 =>"> |yl
i=1 i=1 j=1

we have |[H||% > gsraro, which results in P, < P2P! with
SNRs; = SNR,,. And in the high SNR regime, in comparison
with multiplexing and space time block coding, we can get
P ({67 1) < P, at the same transmission rate [16], then we
have P, ({b?"'}) < P2Pt. Therefore

oo = T)PP < T/Pu({b™}) = fie.

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 p, is close to 1, the circuit power
P, will dominate the total power consumption, that is P;;g’t =
P™ and PPt ~ P$. Since

Ny Ny
P =Y abi+ NPy > abi+ Py =Py,
=1 i=1
we have
S ~T/P>T/P" ~ f7

ee"*
This shows that the SIMO transmission mode can be selected

to improve the energy efficiency, resulting in the optimal
transmission mode t*=s, where s stands for SIMO mode.

By (26), the average delay D is a function of the successful
transmission probability p;. Since ps = (1 — pe) Ve L/, there-

fore, D is a function of p.. Since f5, < fI? for small p,.

and f2, > fI for large p., there must exist a p} such that
5. = f™_ This means that
D* _ 2bR5L — T‘L2

202 R2pr — 2rbR,L

is the delay threshold value for selecting the transmission
mode, where p* = (1 — p%)NeL/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 opti-
mal MIMO mode is better. As a result, the tradeoff between
the delay and the optimal energy efficiency is shown.

V. NUMERICAL RESULTS

This section presents simulation results to evaluate the
delay-aware energy efficient communications with cross-layer
design. We consider the uplink system with a total bandwidth
B=5MHz, and the symbol rate R,=B. The user’s upper layer
packets arrival follows a Poisson process. The other parameters
are listed in Table I.

TABLE I
PARAMETERS
Number of transmit antennas N¢ 2
Number of receive antennas N, 4
Circuit power Py 60mW
Power spectral density of noise -90dBm/Hz
Total transmission rate b 8bits/s/Hz
Minimum constellation size b,y ;n 2bits/s/Hz
Packet size L 320bits
« 25mw/bit/s/Hz

Fig. 2 shows the energy efficiency as a function of the
delay performance for different transmission modes. For the
purpose of simplicity, we set r/u = 499/500. We can see
that the optimal MIMO transmission can always offer better
energy efficiency than that by allocating random rate b; with
different delay demands in MIMO transmission mode, and
the optimal MIMO transmission is approaching the MIMO
upper bound derived from (16). Furthermore, there exits a
crossover point between the optimal MIMO and the optimal
SIMO transmission, 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. Otherwise 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 20ms, we call
the service be delay tolerant, otherwise, the service is delay
sensitive. Therefore we can choose the most energy efficient
transmission mode for the upper layer service according to
delay tolerant or sensitive.
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Fig. 2. Energy efficient transmission for MIMO and SIMO. b=8 for the
transmitter, « = 25mw/bit/s/Hz, and Py = 60mW.
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Fig. 3. Energy efficiency versus Py for optimal MIMO and SIMO. b=8.

Fig. 3 shows the energy efficiency versus Fy. We observe
that the energy efficiency decreases with Py increasing, due to
more power consumption. We can see that the circuit power
of the crossover point f.? = f2. 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 Py
to make P, = P,. Here, we set average delay D = 20ms
for delay-sensitive service and D = 30ms for delay tolerant
service. As expected, the delay tolerant service can be superior
in energy efficiency.

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. Secondly, we study the delay aware energy efficiency
for the upper layer service. 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 at
last.
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