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MIMO Techniques for Green Radio Guaranteeing QoS

Marios Nicolaou, Congzheng Han, Kian Chung Beh, Simon Armour, and Angela Doufexi

Abstract: Environmental issues and the need to reduce energy co-
nsumption for lowering operating costs have pushed power effi-
ciency to become one of the major issues of current research in
the field of wireless networks. This paper addresses a number of
multiple input muitiple output (MIMO) precoding and scheduling
techniques across the PHY and MAC layers that can operate under
a reduced link budget and collectively improve the transmit power
efficiency of a base station, while maintaining the same levels of
service. Different MIMO transmission and precoding schemes pro-
posed for LTE, achieving varying degrees of multinser diversity in
both the time, frequency as well as the space domain, are exam-
ined. Several fairness-aware resource allocation algorithms are ap-
plied to the considered MIMO schemes and a detailed analysis of
the tradeoffs between power efficiency and quality of service is pre-
sented. This paper explicitly examines the performance of a system
serving real-time, VoIP traffic under different traffic loading con-
ditions and transmit power levels, It is demonstrated that by use
of efficient scheduling and resource allocation techniques signifi-
cant savings in terms of consumed energy can be achieved, without
compromising QoS.

Index Terms: Green radio, long term evolution (LTE), multiple in-
put multiple output (MIMO), precoding,

I. INTRODUCTION

There are currently 4 billion mobile phone users in the
world. The energy consumption and carbon dioxide emission
has become a major concern for wireless network industries
as the number of mobile phone users increases. A typical 24-
hour mobile phone network in the UK consumes approximately
40 MW, excluding the power consumed by the users’ handsets
[1]. The worldwide telecommunications industry is currently re-
sponsible for 183 million tones or 0.7 of the total carbon dioxide
emissions, which are increasing at a rapid rate [2]. In addition,
the high energy prices increase the operating cost of cellular sys-
tems. In order to develop more power efficient and environmen-
tally friendly wireless networks, the core 5 research programme
of mobile VCE is set to focus on the green radio concept. It
aims to deliver high data rate services with a 100-fold reduc-
tion in power consumption over current wireless communication
networks, thereby reducing CO, emissions and deployment and
operating costs of equipment manufacturers, network operators,
content providers, etc. without compromising the quality of ser-
vice (QoS) of the end user.

Long term evolution (LTE) is a next major step in mobile ra-
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dio communications, and will be introduced as Release 8 in the
3rd generation partnership project (3GPP) [3]. The new evolu-
tion aims to reduce packet delays, improve spectrum flexibility
and further reduce the cost for operators and end users. Some of
the targets of the standard include peak download rates of up to
326.4 Mbps for a 4 x4 antenna configuration and 172.8 Mbps for
a 2x?2 antenna configuration for every 20 MHz of spectrum. In
the uplink, a peak upload rate of 86.4 Mbps is expected. Instead
of the fixed spectrum in the previous releases, LTE aims to sup-
port a scalable bandwidth from 1.25 MHz up to 20 MHz.

The objective of this paper is to investigate the capabilities of
various multiple antenna transmission and precoding techniques
in combination with exploitation of multiuser diversity in order
to reduce the transmit power consumption. The use of multiple
input multiple output (MIMO) transmission techniques can sig-
nificantly improve the data rate, reliability or both. One popular
MIMO technique is space-time block coding (STBC) which is
able to achieve full transmit diversity and enable reliable com-
munication. Thus, in LTE, an Alamouti {4], {5] based space-
frequency block coding (SFBC) technique is proposed in the
standard and will be considered in this paper. Another technique
that is also proposed in the LTE standard is spatial multiplex-
ing (SM). SM gain is accomplished by simultaneously sending
different data streams over the same radio resource, which can
dramatically increase throughput and bandwidth efficiency.

Recently, a number of closed-loop MIMO scheduling and
precoding techniques have been proposed for LTE [6], that in-
corporate an improved interface between the physical (PHY)
and the data link control (DLC) layers in order to provide in-
creased support for on demand QoS [7]. In {8], a precoding
method for a MIMO-OFDMA scheme has been proposed in ac-
cordance to the LTE standard [6]. This precoding method re-
lies on the use of a known (by both base station and mobile)
codebook of unitary matrices, which is determined offline, gen-
erated according to a Fourier basis, providing uniform cover-
age across a sector. The transmitter applies the unitary matri-
ces from the pre-defined codebook to the transmitted signal and
allocates resources based only on the effective signal to inter-
ference and noise ratio (SINR) feedback for each of the pre-
coding matrices along with its corresponding index. By using a
linear receiver to separate the MIMO spatial layers, spatial re-
sources can be assigned to either one user for the single user
MIMO (SU-MIMO) scheme or to multiple users for the multi-
user MIMO (MU-MIMO) scheme. Multi-user diversity refers to
the increase in overall multi-user capacity achieved via an op-
portunistic resource allocation strategy for which the scheduler
assigns resources according to the users’ instantaneous channel
conditions in time, frequency or/and space domain {9]. Previous
work [10] has shown the capabilities of SU-MIMO in achiev-
ing spatial multi-user diversity gain and spatial multiplexing
gain. In a MU-MIMO system, an additional ‘layer’ multi-user
diversity gain can be extracted. Feedback can be further reduced
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by only requiring the effective SINR (ESINR) of the preferred
pre-coding matrix and its corresponding index in the codebook
from each user. The full and partial feedback based beam selec-
tion strategies are explained in Section IIT.

The power efficiency performances of different MIMO trans-
mission and pre-coding techniques are considered with several
proposed resource allocation algorithms. While the goal is to re-
duce the total transmit power consumption, the abilities of these
MIMO schemes to maintain certain levels of spectral efficiency
and fairness are also examined.

Finally, real time, voice over IP (VoIP) traffic is considered
in this paper. VoIP traffic is characterised by stringent packet
latency requirements and periodic packet arrivals during active
periods. Long term throughput is not a major concern; how-
ever, adequate rate needs to be provided in order to complete
the transmission of VoIP packets within a specified tolerable de-
lay period.

By investigating and exploiting various precoding and
scheduling strategies, the goal in this paper is evaluate the
transmit power efficiency while maintaining the same QoS
level. Note that the work presented in this paper focuses on min-
imising the transmit energy consumption. Besides transmit en-
ergy, the energy consumed by signalling and the hardware pro-
cesses such as rectifying and cooling, DSP processing, AD/DA
conversion, and power amplification are assumed to remain con-
stant.

The remaining of this paper is organised as follows: Section
IT introduces the system and channel model parameters. Section
III describes the considered MIMO transmission and precoding
schemes. Section IV introduces several channel-aware resource
scheduling algorithms for the considered MIMO schemes. Sec-
tion V presents the theoretical analysis of the energy consump-
tion required by different considered schemes to maintain cer-
tain spectral efficiency. Corresponding simulation results are
presented in Section VI. Section VII discusses the implications
of resource allocation to the BS energy consumption based on
the analysis of preceding sections. Section VIII considers the
performance of the proposed scheduling and precoding schemes
in a VoIP traffic scenario and examines the implications on QoS
of reduced transmit power. This paper concludes in Section IX.

II. SYSTEM, CHANNEL, AND TRAFFIC MODEL
A. System Model

The core of the LTE downlink radio is defined by the con-
ventional orthogonal frequency division multiplexing (OFDM)
with data transmitted over several parallel narrowband sub-
carriers. The use of the narrowband sub-carriers in combination
with a cyclic prefix makes OFDM transmission particularly ro-
bust to multipath fading inherent in radio propagation. Consider-
ing a multi-user scenario, the performance analysis is performed
on the downlink of a 3GPP LTE orthogonal frequency divi-
sion multiple access (OFDMA) system. The total system band-
width is divided into sub-channels, denoted as physical resource
blocks (PRBs), which are then allocated to different users for
multiple access purposes. Note that a PRB has both frequency
(180 KHz) and time (1 ms) dimensions, and is the smallest ele-
ment of resource allocation assigned by the base station sched-
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Table 1. Parameters for LTE OFDMA downlink.

Transmission bandwidth 10 MHz
Time slot/Sub-frame duration 0.5 ms/1 ms
Sub-carrier spacing 15 kHz
Sampling frequency 15.36 MHz (4x3.84 MHz)
FFT size 1024
Number of occupied sub-carriers 601
Number of OFDM symbols per 776
time slot (Short/Long CP)
(4.69/72)x6
CP length(s/sample) Short (5.21/80)x 1
Long (16.67/256)
BS Tx power 43 dBm (20 W)
Propagation model SCM urban macro
Noise power -104 dBm
User equipment noise figure 9dB

Table 2. Parameters for LTE OFDMA downlink.

Mode | Modulation | Coding | Data bits per time | Bitrate
rate slot (1x 1), (2%x2) | (Mbps)
1 QPSK 172 4000/7600 8/15.2
2 QPSK 3/4 6000/11400 12/22.8
3 16QAM 12 8000/15200 16/30.4
4 16QAM 3/4 12000/22800 24/45.6
5 64QAM 12 12000/22800 24/45.6
6 64QAM 3/4 18000/34200 36/68.4

uler. The key parameters of the considered LTE OFDMA down-
link system are given in Table 1. There are 50 PRBs in the 10
MHz system, each consisting of 12 adjacent sub-carriers. In-
stead of feeding back channel quality indicators (CQI) for all the
sub-carriers, a single CQI (based on the average quality of the 12
grouped sub-carriers comprising the PRB) can be fed back for
each PRB and is assumed to be perfectly known at the BS. Per-
fect channel estimation is also assumed. A 24 bits cyclic redun-
dancy check (CRC) enables error detection at the receiver. With
the adoption of opportunist scheduling, users will be scheduled
on their peaks, resulting in a more uniform channel response,
and sub-carriers will experience similar channel gains. There-
fore, due to the insignificant gain of power control in the fre-
quency domain and the increased computational complexity of
dynamic allocation, equal power allocation is assumed through-
out the simulations [11]. The simulation results presented here
assume a single, unsectorised cell configuration. Inter cell ef-
fects are a topic for future investigation.

B. Channel Model

The channel model used in the simulations is the spatial chan-
nel model extension [12] (SCME) urban macro scenario, speci-
fied in 3GPP [13]. SCME provides a reduced variability tapped
delay-line model which is well suited for link level as well as
system level simulation. A low spatially correlated channel is
assumed for all the users where 10 A spacing at the BS is em-
ployed. 2000 independently and identically distributed (i.i.d.)
channel realisations are considered in each simulation. Six mod-
ulation and coding schemes (MCS) levels are considered, as
shown in Table 2. A 2x2 MIMO architecture is considered in
this paper but the analysis is readily extendible to higher MIMO
orders. Equal power is allocated to each transmit antenna.
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111, DESCRIPTION OF INVESTIGATED SCHEMES
A. Full-Feedback Unitary Codebook Based Beamforming

Unitary codebook based beamforming has shown capabilities
in achieving spatial multiuser diversity gain and spatial multi-
plexing gain [9]. Unitary codebook based beamforming suggests
that a predefined set of antenna beams is used, which ensure a
good sector coverage [7]. With considerably lower uplink feed-
back requirements than the conventional eigenbeamforming ap-
proach, the transmitter applies a predefined set of precoding ma-
trices to the transmitted signal and selects the best user based on
the feedback of ESINR indicating channel quality for each of
the precoding matrices along with its corresponding index.

The pre-coder design relies on the Fourier basis. The res-
olution of these beams is dependent on the overall codebook
size. The codebook FE, consists of the unitary matrix set,

i.e., VE = {VE P VéG_l)} where Vé«g) e Ivg)}) e Ug,)l\l—l]

is the gth precoding matrix, and vfgg,)m is the mth precoding vec-

tor in the set. According to the Fourier basis,
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The same unitary matrix V3 is applied to all users across all the
sub-carriers of the same PRB. Different matrices are used across
different PRBs. The received signal after FFT and guard interval
removal becomes (time index 7 is omitted):

Yk,s = Hk,sngs + Wk,s
= Up.sDis (Vi) " VEX + Wi s

(D

2

where k denotes a user index, s denotes a sub-carrier index, (-)7
denotes the Hermitian function and Hj, 5 is a matrix containing
user k’s frequency responses of the channels between M trans-
mit and N receive antennas at sub-carrier 5. Dy, is a diago-
nal matrix including all the singular values of Hj ; and Ug
and V; , are the unitary matrices obtained by applying singu-
lar value decomposition (SVD) to Hy, ;. X, denotes an M x I
matrix containing the transmit signals at sub-carrier s at the BS
and W, , represents the additive complex Gaussian noise with
zero mean and variance (ak,s)z. If VZ is equal to V, the VAV
term becomes an identity matrix and the user k is said to be in
the true eigenbeamforming configuration. The system adopts a
linear MMSE receiver, which has interference suppression ca-
pability. For a 2x2 MIMO system, the MIMO channels can be
decomposed into 2 separate spatial layers. The received signal
Y. s is multiplied by the MMSE filter G, s:

-1
Groo=((Hr,s V) (Hi, VE+SNRTUT) (Hi V™. )

For data stream g at sub-carrier s, the user k computes the
ESINR:
E;

ESINR! = ol ]
8 (Ak,s)gql Ul?:,s
~1
where Aj,, = ((Hk,svg)“f (Hy.VE) +SNR—11) . E, de-
notes the average symbol energy and (-), ; indicates the element
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located in row ¢ and column j.

Depending on the spatial resource allocation process, uni-
tary codebook based beamforming defines two modes of oper-
ation. In SU-MIMO OFDMA, users are selected according to
their average across the spatial layers. Each user then occupies
all spatial layers of a PRB realising spatial division multiplex-
ing (SDM) in conjunction with frequency division multiple ac-
cess (different users can be assigned across the different PRBs
over the frequency domain). A potentially more efficient spec-
trum utilisation can be achieved via MU-MIMO, whereby the
spatial dimension is exploited by incorporating the capability of
allocating different spatial layers of the same PRB to different
users. MU-MIMO, also known as spatial division multiple ac-
cess (SDMA), is expected to achieve a greater overall system
performance gain over SU-MIMO. In a full feedback scheme,
the serving BS receives CQI information regarding the spatial
layers from all unitary matrices, allowing an overall optimisa-
tion of the aggregate rate by selecting the matrix that achieves
the overall highest spectral efficiency. Every user calculates the
average data rate across all the sub-carriers in each PRB and
sends it to the BS through the feedback channel.

In a SU-MIMO system, for PRB ¢, denoting the index of the
starting sub-carrier by » and the finishing sub-carrier by a, the
average rate of user k is given by [9]:

a N
Ry = ﬁi >3 log, (1 + ESINR;S) NG

s=b g=1

The BS allocates each PRB to a user according to the selected
resource allocation algorithm. For the MU-MIMO scheme, dif-
ferent spatial layers can be allocated to different users to realise
an additional spatial multiuser diversity gain. However, this ap-
proach increases the feedback by the number of spatial layers
(minimum number of transmit and receive antennas) compared
to the SU-MIMO scheme. Based on the ESINR calculated from
equation (4), the user k calculates the rate of each spatial layer ¢
on a PRB basis [91:

1 a
Rl =—77 ;mgQ (1+ESINR] ). ©

For every PRB, the BS allocates transmission resources on a per
spatial layer basis.

B. Partial-Feedback Unitary Codebook Based Beamforming

Depending on the codebook size G, unitary codebook based
beamforming imposes the additional feedback requirement of
transmitting a total number of G CQI values along with the cor-
responding matrix index of each CQIL. In order to reduce this up-
link feedback overhead, partial feedback techniques have been
proposed in [10], whereby each user feeds back CQI for only
its preferred matrix. In [14], it was shown that partial feedback
SU-MIMO techniques attain the same performance as full feed-
back schemes. The optimisation of MU-MIMO schemes un-
der partial feedback conditions is more complex. However, in
the referenced paper it has been shown that a large codebook
does not always ensure higher throughput under partial feed-
back conditions, as it increases the probability of information
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outage events, for which no CQI is available at the BS for a
given spatial/frequency resource on the selected precoding ma-
trix. For MU-MIMO schemes, the degree to which the partial
feedback approach converges to full feedback is dependent on
the combination of the total number of users and the codebook
size G. This paper adopts an adaptive beam selection strategy
based on the defined codebook size for partial feedback for
which maximum throughput is achieved. The subsequent sec-
tion assumes a range of users from 1-25 and a fixed codebook
size G = 2. Perfect feedback information is assumed in the sim-
ulation. However, in practice, the feedback information is quan-
tised to reduce the amount of feedback overhead in the uplink
[15], with very marginal performance degradation.

C. Space Frequency Block Codes

In the LTE standard, an Alamouti based SFBC technique is
proposed. This transmit diversity based method does not provide
a linearly increasing channel capacity as the number of transmit
and receive element grows simultaneously. Only one data stream
(or layer) is transmitted for 2 or even 4 antennas. For SFBC
transmission, the symbols transmitted from the two antennas on
each pair of adjacent subcarriers are defined as follows:

_ Iy T2
—73 ]

where x; and x> are the transmitted signals from two consecu-
tive sub-carriers and yEf )) denotes the symbols transmitted from
antenna port p on the sth subcarrier. Since SFBC is not consid-
ered in combination with multi-user diversity, no channel feed-
back is required for resource allocation purposes.

[ Y Yo )

Yy Y2

IV. RESOURCE SCHEDULING ALGORITHMS
A. Greedy Scheduling Algorithm

A greedy algorithm (GA) aims to maximise the overall sys-
tem throughput. Each PRB is assigned to the strongest user. The
drawback of the GA is that the scheduler always picks the user
with the highest data rate and gives the system resources to sta-
tistically stronger users. The GA only guarantees fairness in the
case of identically distributed BS-mobile user links over a long
time. When there are significant discrepancies in SNRs, some
users are scheduled more often than others. In practice, it is usu-
ally not desirable to maximise the overall system throughput,
but to meet the QoS requirements of as many users as possi-
ble. By taking into consideration different QoS metrics, such
as packet delay, packet timeout ratio, etc., or even factors that
concern traffic management, e.g. premium service or traffic cap-
ping, a set of eligible users can be identified, for which prefer-
ential beams can be selected. In the case of SISO, the resource
allocation is based on the channel gain, where the detailed de-
scription is well known and hence omitted here due to limited
space [16].

B. Proportional Fair Algorithm

The proportional fair (PF) algorithm originally presented by
Tse [9] for single carrier schemes has been introduced to guar-
antee greater throughput fairness amongst users with unequal
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channel strength statistiscs. In a simple GA, users close to the
BS will consistenly have channel gains higher than users further
away and therefore occupy all available resources. The PF algo-
rithm atttempts to alleviate this problem, by assigning resources
to a user k™ based on the ratio of the current data rate capa-
bilitiy and the average throughput utilisation meausered over a
weighted window of length t., i.e., Ry (t)/ W (¢). The exten-
sion of PF scheduling to multicarrier, OFDM transmission has
been examined in [18]. Two variations of the PF algorithm, re-
turning different degrees of tradeoffs in terms of complexity and
fairness are examined. The first scheme suggests that each sub-
channel ¢ is assigned an independent scheduler. In this case, the
average throughput Wy (¢ + 1) is updated after the assignment
of each subchannel according to:

1= 1) Wi olt) + £ Rie(t), k=K
1= L) Wi lt), k # k*.
(8)

A second scheme, whereby the average throughput metric
Wi (t + 1) is updated after the assignment of all subchannels
of an OFDM symbol is also considered. This scheme requires
much less implementation complexity as it only requires one
scheduler. However, a delay in converging to full throughput
fairness is expected due to the suboptimal update process of the
fairness metric.

Wk,c (t + 1) =

V. THEORETICAL ANALYSIS

The benefits of multiuser diversity (MUD), whereby users are
scheduled only on their strongest PRBs have been widely stud-
ied in literature e.g., [9], [16]. Provided that different users ex-
perience independent fading, the average system spectral effi-
ciency can be increased as a function of the number of users. The
precoding systems examined in this paper achieve varying de-
grees of MUD. It is therefore expected that for a given SNR,
different schemes will achieve different spectral efficiency. To
illustrate this, Fig. 1 presents system theoretical spectral effi-
ciency results, calculated according to Shannon’s capacity limit,
for a range of SNR values for a total number of users, K=10,
for the SISO, SFBC, and MIMO precoding schemes that were
outlined in the previous section. The schemes that achieve the
highest degree of MUD exploitation (time/frequency and space)
e.g., MU-MIMO achieves the highest capacity for any given
SNR value.

The energy consumption of multi-user SISO and various
MIMO schemes are compared to the SFBC scheme using the en-
ergy consumption gain (ECG) metric [19]. ECG is defined as a
comparison metric between the reference system and considered
system. SFBC is chosen to be the reference system in this paper
and E¢; corresponds to the received SNR required by a SFBC
system to meet the average data rate target of 3 bits/s/Hz. Egy
corresponds to the received SNR requirement of each of the con-
sidered scheme to achieve the average data rate target.

Eref

_ Esrre
Esys

ECG = s

®

If ECG is greater than 1, the considered system consumes less
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Fig. 1. Theoretical spectral efficiency for SISO and different precoding
schemes for K = 10.

6 T T T .s

—&— SIS0
—8— SU-MIMO
1 —— Full feedb. MU-MIMO

——k— Partial feedb. MU-MIMO

)

w

:

5 10 15 20 25
No, of users

Fig. 2. Theoretical ECG of multi-user SISO and various MIMO schemes,
relative to SFBC at 3 bits/s/Hz spectral efficiency,

energy than the reference system. It is worth noting that resource
allocation is not considered in the case of SFBC scheme. This is
consistent to the proposed LTE standard where channel depen-
dent scheduling is not applicable to the SFBC scheme [5].

Fig. 2 shows the theoretical ECG of multi-user SISO and var-
ious MIMO precoding schemes over SFBC, as a function of the
number of users for maintaining a fixed overall system spectral
efficiency of 3 bps/Hz, which is calculated from the average data
rate across all considered users. The fixed spectral efficiency of
3 bits/s/Hz is an arbitrary metric chosen here for comparison
purposes. It is expected that similar trends will occur for other
spectral efficiencies, but with a change in the absolute energy
consumption. A trend, whereby the performance gain increases
as a function of the number of users is observed. The decrease in
the energy consumption is significant when the MUD exploita-
tion is considered, especially in the SISO case. A notable differ-
ence between schemes utilising the additional spatial diversity
component and those who do not can also be observed. The ex-
ploitation of the additional spatial diversity enables a possible
further reduction in energy consumption.

VL. SIMULATION RESULTS

Fig. 3 shows the simulated performance of overall system
spectral efficiency of SISO scheme and different MIMO pre-
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Fig. 3. Simulated spectral efficiency for SISO and different precoding
schemes for K = 10.
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Fig. 4. Simulated ECG of multi-user SISO and various MIMO schemes,
relative to SFBC at 3 bits/s/Hz spectral efficiency.

coding schemes in the downlink of 3GPP LTE. The spectral ef-
ficiency is derived from the achievable average throughput of
all the users given the transmission bandwidth. The achievable
average throughput is given by, throughput = R(1 — PER)
where R and PER are the bit rate and the residual packet error
rate for a specific mode respectively. The throughput envelope is
obtained by using ideal adaptive modulation and coding (AMC)
based on the (throughput) optimum switching point. Simulated
results are very consistent with the theoretical results. The simu-
lation results show that the spectral efficiency of MIMO precod-
ing schemes significantly outperform the SISO scheme. Addi-
tionally, in line with the theoretical results, the additional spatial
diversity of both the MU-MIMO schemes achieve a further per-
formance gain of 2-3 dB compared to SU-MIMO.

Fig. 4 shows the simulated ECG of multiuser SISO and
MIMO precoding schemes over SFBC, as a function of the num-
ber of users at a fixed overall system spectral efficiency of 3
bits/s/Hz. The simulated results match with the theoretical trend
of Fig. 2. Fig. 4 shows that a significant energy reduction can
be obtained by exploiting the MUD gain. This can be clearly
observed in the SISO scenario, where in this case, the energy
reduction comes solely from the MUD gain. Furthermore, addi-
tional energy reduction can be achieved by both the MU-MIMO
schemes where additional spatial diversity is exploited. The use
of precoding matrices can optimise the perceived gain in the re-
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Table 3. Average and variance of the ECR for different precoding

schemes.
ECR( J/bits) | Variance
SISO 4.103 0.6923
SU-MIMO 1.708 0.0575
Full feedb. MU-MIMO 1.524 0.0285
Partial feedb. MU-MIMO 1.564 0.0312

Table 4. Average and variance of the ECR for SU-MIMO with different
PF configurations.

Per subchannel update Per symbol update
Window ECR Variance ECR Variance
length(tc) | (u I/bit) (1 J/bit)
300 2.836 0.0671 1.888 0.0401
1000 2.075 0.0361 1.736 0.0488
10000 1.931 0.0396 1.731 0.0493

Table 5. Average and variance of the ECR for MU-MIMO with different
PF configurations.

Per subchannel update Per symbol update
Window ECR Variance ECR Variance
length(tc) | (w I/bit) (p Ibit)
300 1.801 0.0527 1.6434 0.0040
1000 1.550 0.0240 1.6433 0.0046
10000 1.546 0.0259 1.6256 | 0.0046

ceiver to achieve the additional gain, which can be translated to
energy reduction at the transmitter. MU-MIMO achieves 5-fold
reduction in energy consumption compared to SFBC. It has to
be noted that results of Fig. 3 are specific to the specific sce-
nario (K=10). In contrast to the theoretical simulation, granu-
larities in the PHY mode selection and the different SNR ranges
that arise from simulation modeling result in different modes
being selected. This explains the deviation of the performance
gains from theoretical to simulation results. It is worth noting,
however, that by using AMC, the actual simulation results out-
perform theoretical expectations in the relative power reduction
comparison.

VII. DISCUSSION

The power efficiency of a considered scheme can be repre-
sented by the energy consumption rate (ECR), which calculates
the energy required per delivered information bit [20]:

=

& (BT
ECR;Z BT) =

k=1

P mitsy  ao

k=1

where P and R are the average transmit power and data rate,
respectively. T is the time index. The lower the ECR, the higher
the power efficiency is. Analysis in Sections V and VI has shown
that precoding schemes that harness the benefits of multiuser di-
versity to a higher degree require less transmit power from the
BS to achieve the same throughput. It is thus expected that these
schemes will have a lower ECR, which translates to improved
power efficiency.

In Table 3, the ECR of different MIMO schemes and the cor-
responding variance over different channel realisations is pre-
sented, for the case of resource allocation via the GA. These re-
sults are in accordance with Figs. 2 and 4, showing that schemes
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Fig. 5. Power fairness index for SISO and different precoding schemes.

employing a higher degree of diversity achieve the lowest cost in
terms of energy for each information bit. It can also be observed
that a more equally distributed ECR is obtained from the more
power efficient schemes. Hence, a higher degree of multiuser
diversity not only ensures an overall improvement in power ef-
ficiency but also improves the reliability of the energy cost es-
timation. This improved reliability can be attributed to the fact
that deep fades occurring in wireless channels are effectively
removed from the aggregate received channel signal at the BS
[15]. Schemes exploiting the additional spatial layer for diver-
sity generate a more flat aggregate channel response, resulting
in fewer deep fades and hence in a more predictable channel re-
sponse.

A trade-off is known to exist between power efficiency and
power fairness, which is measured using a modified Jain’s power
fairness index (PFI) defined as [19]:

(T, &)
Kl (B)

The PFI provides an indication of how fairly power is
allocated to different users with respect to their achieved
rates. Fig. 5 shows the cumulative distribution functions of the
PFI for different precoding schemes measured over a number
of channel realisations, under the assumption of a maximum
SNR scheduling approach. A small PFI indicates that the chan-
nel is underutilised, i.e., a fixed amount of power yields lower
throughput, or equivalently, higher power is required to transmit
a fixed amount of information. Schemes utilising the additional
spatial layer, e.g., MU-MIMO (full feedback and partial feed-
back) achieves overall a higher power allocation fairness, with
PFI values consistently closer to unity. Hence, schemes that ef-
ficiently exploit MUD not only reduce the average cost in terms
of power for providing a fixed amount of information, but also
ensure an overall fairness in terms of providing power to users
in order to transmit a fixed amount of information. Analysis has
concentrated in the downlink of the system. However, these re-
sults are consistent for the uplink as well, for which transmit
power constraints from the mobile terminal makes the PFI met-
ric much more relevant.

In Tables 4 and 5, we present the associated ECRs for full

PFI = (11
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Fig. 6. Jain's rate fairness index for different window lengths: (a) SU-
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feedback SU-MIMO and MU-MIMO respectively for different
values of the fairness tuning parameter ¢.., considering the two
variations of the PF scheduling approach. The results show a di-
rect relationship between the ¢, and the ECR. The PF algorithm
converges to GA for a large window length, as this decreases the
dependency of the selection metric on previous utilisation. The
rate fairness performance of different schemes can be measured
using a modified Jain’s rate fairness index (RFI) [21]:

12)

Fig. 6{(a) and (b) consider the cumulative distribution func-
tion of the Jains’s rate fairness index with regards to through-
put for SU-MIMO and MU-MIMO, respectively. It can be seen
that for configurations exploiting higher degrees of fairness, the
corresponding Jain’s rate fairness index is consistently closer to
1, showing high degrees of fairness. Higher induced through-
put fairness arising from a low ¢, value, however, results in
suboptimal throughput improvements, since the probability of
scheduling users on weak PRBs increases, due to the more uni-
form throughput distributions. Therefore, a tradeoff exists be-
tween power fairness and throughput fairness. Despite the obvi-
ous benefits of the PF in terms of ensuring throughput fairess,
this suboptimal scheduling reflects on the energy cost required
to transmit a given amount of information. By increasing ¢,
the ECR converges to that of a GA approach. Decreasing ¢, in-
creases the associated throughput fairness but also results in in-
creased power requirements per transmitted bit. Hence, it can be
argued that in terms of power efficiency, a rate fairness-oriented
scheduling approach results in sub-optimal performance, requir-
ing higher transmit power levels to maintain a fixed level of ser-
vice.

VIIL. QoS PERFORMANCE

Previous sections in this paper have shown that a greedy
scheduling approach not only improves aggregate throughput
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Table 6. VoIP system configuration parameters.

Cell configuration Single cell
Cell radius 800 m
MAC frame duration Sms

Tx. power 43 dBm, 40 dBm
Min. BS-MS distance 75 m

M. BS-MS distance 800 m
BS-MS distance distribution Uniform
User no. 20-60
Codebook size 2/4/8

Table 7. VolP traffic distribution parameters.

Component | Distribution | Parameters
Active state duration (ON) Exponential | Mean=0.4 s
Inactive state duration (OFF) | Exponential Mean=-0.6 s
Packet inter-arrival rate . _

within a burst Fixed r=>5 packets/s

performance but can also reduce the power consumption re-
quired for providing a fixed amount of information. In [22], it
has been shown that a greedy scheduling approach for VoIP
traffic results in a higher call admittance capacity and reduced
packet delays compared to fairness oriented algorithms. Addi-
tionally, since a simple rate maximisation scheduling approach
assigns users on their strongest PRBs, higher modulation and
lower coding rates can be tolerated, which consequently im-
proves the spectral efficiency of the system, resulting in lower
packet delays and lower packet loss rate (PLR). This section
examines the performance of SU-MIMO and MU-MIMO tech-
niques under two, transmit power levels (43 dBm and 40 dBm)
for a varying codebook size.

A. Channel Scenario

The physical configurations are summarised in Table 6. For
simulation purposes, a dedicated band of 240 KHz is assigned
solely for VoIP traffic. Resource allocation is performed on a
per-subcarrier basis. It should be noted however that results are
consistent and scalable for longer bandwidths and different PRB
configurations. Similarly, the simulated network considers a sin-
gle cell configuration with no sectorisation.

B. VoIP Traffic Model

A two state Markov process is used to model VoIP repre-
senting the active voice period and silence period respectively
[23]. The alternating periods of activity and silence are expo-
nentially distributed with average durations 1/y: (p is the param-
eter of the exponential law of the active period) and 1/) respec-
tively (X is the parameter of the exponential law of the silent
period). Therefore, the total fraction of time the voice source is
active is M(u+ ). Each VoIP session is either in the active or
inactive state. During the active state, fixed sized packets of 32
bytes are generated at a constant interval of 20 ms.

Table 7 summarises the packet generation parameters and ar-
rival/service distributions for VoIP traffic. The maximum toler-
able packet delay for VoIP is set to 30 ms. The average packet
timeout ratio is also a QoS factor. Excessive packet timeouts
will considerably degrade the quality of received speech and
should thus be kept low. The degree of tolerable packet time-
outs is dependent on the specific codec. A packet scheduler op-
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erating at the MAC layer is the critical element for delivering
QoS. Fig. 7 shows a generalised packet scheduler structure. The
packet scheduling system at the BS consists of three blocks: A
packet classifier (PC), a buffer management block (BMB), and a
packet scheduler (PS). The packet classifier classifies incoming
packets according to their types and QoS profiles, and forwards
them to buffers in BMB. The BMB maintains QoS statistics such
as the arrival time and the delay deadline of each packet, the
number of packets, and the head-of-line (HOL) delay in each
buffer. Finally, the PS transmits packets to users according to
the scheduling priority.

QoS for VoIP traffic can be quantified in terms of the average
packet delays experienced by each user during a session. Pack-
ets exceeding the maximum tolerable packet delay are assumed
to timeout, and all information transmitted on that packet is
lost. An ideal AMC scheme that maintains low packet error rates
(PERSs) [24] (< 1072) is adopted, in order to keep the number
of packet re-transmission low. The aggregate packet loss rate
(PLR) is therefore assumed to be dependent entirely on packet
timeouts. The aggregate system’s capability in providing service
is defined by the maximum number of admitted users for which
a certain percentage of QoS outage can be tolerated.

C. Performance Analysis

Fig. 8 shows the average packet delay experienced under
different channel loading conditions for full feedback SU-
MIMO and MU-MIMO for different codebook sizes, for a BS
Tx. power=43 dBm. It can be seen that the packet delay is
highly dependent on the amount of requested traffic, represented
by the number of users with simultaneous VoIP sessions. By
increasing the codebook size, the higher diversity is translated
into higher throughput which allows packets to be served some-
what quicker. However, significant benefits arise from the MU-
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MIMO approach, where notable reductions in packet delay are
observed. This reduction can be attributed both to the higher
AMC levels exploited by MU-MIMO, as well as due to im-
proved multiuser diversity. By effectively doubling the available
resources, twice as many users can be simultaneously served,
reducing the time packets remain in the buffer.

In Fig. 9, we show the associated PLRs for SU-MIMO and
MU-MIMO. A correlation between packet delays and packet
timeouts is observed. Overall, MU-MIMO experiences lower
PLRs. Reducing the transmit power will inevitably result in per-
formance degradation in any scheme due to the reduced link
budgets which results in a lower mode being chosen in order to
preserve required PER levels. This paper examines the effects
of reducing the transmit power by 3 dB, i.e., halving the total
transmit power.

Fig. 10 shows the corresponding average packet delays ex-
perienced for SU-MIMO and MU-MIMO (full feedback and
partial feedback) for a codebook size, G=2, for a Tx. power =
40 dBm. Unsurprisingly, the average packet delays tend to in-
crease, due to the lower link budgets achieved. Lower modula-
tion and coding schemes are used which result in lower spectral
efficiency and hence lower data rates can be realised by users.

Fig. 11 examines the average packet loss rate arising from
the considered schemes. Comparing the findings with those of
Fig. 9, it can be seen that the performance degradation due to
reduced transmit power is minimal in the case of MU-MIMO
techniques, whereby PLRs are very close to that of a BS with
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a transmit power 3dB higher. It can be observed that even
with reduced feedback, MU-MIMO still maintains higher QoS
statistics than SU-MIMO, despite the 3 dB transmit power re-
duction. The results can be related to the ECG metric, for the
requirement of achieving a target packet timeout for a spe-
cific number of users. By taking SU-MIMO as the reference
scheme and MU-MIMO as the scheme under consideration, a
3dB transmit power saving would translate to an ECG value
of 2. These results show the huge potential of MU-MIMO as
an approach towards the design of power efficient wireless sys-
tems. Through more efficient scheduling, enabled by the joint
exploitation of temporal, spectral as well as spatial dimensions
transmit power requirements can be eased, whilst not compro-
mising the perceived service quality of the end user.

IX. CONCLUSION

The concept of green radio is to develop more environmen-
tally friendly, low-power and energy efficient solutions for fu-
ture wireless networks. This paper investigates the power ef-
ficiency of a number of MIMO transmission and precoding
techniques, SFBC, SU-MIMO, and MU-MIMO under full and
partial feedback conditions in combination with resource al-
location strategies exploiting multjuser diversity. The analysis
is performed on the downlink of a 3GPP LTE OFDMA sys-
tem and both theoretical and simulation performances are pre-
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sented. A detailed consideration of feedback overhead of dif-
ferent MIMO schemes is presented. In addition, the power ef-
ficiency of the overall system and individual users are also dis-
cussed and compared for different MIMO precoding strategies
and resource allocation algorithms. For the proposed LTE sys-
tem, if no multi-user diversity is considered, SFBC is a feedback
free MIMO transmission scheme and achieves significant power
savings over a SISO system. However, since it does not offer any
data rate improvements, the savings on cost per bit is still lim-
ited. The capabilities of the examined MIMO precoding strate-
gies to exploit multiuser diversity in time, frequency and space
domain vary. All MIMO schemes benefit from multiuser diver-
sity and show improved power efficiency as the number of users
increases. The MU-MIMO is the most power efficient and fair
schemes as a result of an additional layer spatial multiuser diver-
sity gain, although it have a larger feedback overhead. The feed-
back can be reduced by adopting a partial feedback strategy for
beam selection to achieve a sub-optimal performance. A propor-
tional fair scheduling approach has shown suboptimal results in
terms of power savings. This has been attributed to the fact that
resources are scheduled on suboptimal resources that require a
higher SNR to achieve a fixed data rate. A greedy, rate maximi-
sation approach has not only shown improved power efficiency,
due to the more efficiency exploitation of diversity, but also a
higher power fairness allocation, by allocating roughly the same
power to each user for the transmission of a fixed amount of
data. The improved power fairness allocation, however, comes
at the expense of lower throughput fairness and hence an op-
timumn tradeoff given specific requirements needs to be deter-
mined.

The considered MIMO precoding schemes have been tested
in a realistic channel and traffic model scenario. A real time,
VoIP traffic scenario has been introduced in order to exam-
ine the QoS capabilities of each precoding scheme. An ideal
AMC scheme has been assumed, designed to maintain the num-
ber of packet re-transmissions low. MU-MIMO has shown im-
proved resilience to lower link budgets while preserving QoS
levels. This resilience allows for a reduction in the transmit
power from the BS. This paper has demonstrated that a 3 dB
reduction in power has minimal effect on QoS, provided that
efficient scheduling and resource allocation process. These re-
sults show the great potential of MU-MIMO techniques in re-
ducing transmit power consumptions, in line with the targets of
the green radio research programme (core 5) of mobile VCE.
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