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Abstract:- Multi-user multiple-input multiple output(MIMO)
communication system must be designed to cover a given area
with maximal energy efficiency bits/Joule).A multiplicity of
autonomous terminal simultaneously transmits data stream to a
compact array of antennas. A array uses imperfect channel-state
information derived from transmitted pilots to extract the
individual data streams. The power radiated by the terminals
can be made inversely proportional to the square-root of the
number of base station antennas with no reduction in
performance. In contrast if perfect channel-state information
were available the power could be made inversely proportional to
the number of antennas. Lower capacity bounds for maximum-
ratio combining (MRC) and zero-forcing (ZF) detection are
derived. A MRC receiver normally performs worse than ZF and
MMSE. However as power levels are reduced ,the cross-talk
introduced by the inferior maximum-ratio receiver eventually
falls below the noise level and this simple receiver becomes a
viable option. The tradeoff between the energy efficiency (bits/J)
and spectral efficiency (bits/channel use/terminal) is quantified.

Keywords: Energy efficiency, Spectral efficiency, Multiuser
MIMO.

I INTRODUCTION

The design of current wireless networks (e.g., based
on the Long-Term Evolution (LTE) standard) have been
mainly driven by enabling high spectral efficiency due to the
spectrum shortage and rapidly increasing demand for data
services [1].As a result, these networks are characterized by
poor energy efficiency (EE) and large disparity between peak
and average rates. The former is defined as the number of bits
transferred per Joule of energy and it is affected by many
factors such as (just to name a few) network architecture,
spectral efficiency, radiated transmit power, and circuit power
consumption [1]-[3]. Motivated by environmental and
economical costs, green radio is a new research direction that
aims at designing wireless networks with better coverage and
higher EE [2]. This paper analyzes the potential for power
savings on the uplink of MU-MIMO systems .We derive new
capacity bounds of the uplink for finite number of BS
antennas. These results are different from recent results in [4]
and [5]. In [4] and [5], the authors derived a deterministic
equivalent of the SINR assuming that the number of transmit
antennas and the number of users go to infinity but their ratio
remains bounded for the downlink of network MIMO systems
using a sophisticated scheduling scheme and MISO broadcast
channels using zero-forcing (ZF) pre coding, respectively.

While it is well known that MIMO technology can
offer improved power efficiency, owing to both array gains
and diversity effects [3].We study the tradeoff between
spectral efficiency and energy efficiency. For imperfect CSl,
in the low transmit power regime, we can simultaneously
increase the spectral-efficiency and energy-efficiency. We
further show that in MU- MIMO, very high spectral efficiency
can be obtained even with simple MRC processing at the same
time as the transmit power can be cut back by orders of
magnitude and that this holds true even when taking into
account the losses associated with acquiring CSI from uplink
pilots. MRC also has the advantage that it can be implemented
in a distributed manner, i.e, each antenna performs
multiplication of the received signals with the conjugate of the
channel, without sending the entire baseband signal to the BS
for processing.

Il SYSTEM MODEL

We consider the uplink of a MU-MIMO system. The
system includes one BS equipped with an array of M antennas
that receive data from K single-antenna users. The nice thing
about single-antenna users is that they are inexpensive,
simple, and power-efficient, and each user still gets typically
high throughput. Furthermore, the assumption that users have
single antennas can be considered as a special case of users
having multiple antennas when we treat the extra antennas as
if they were additional autonomous users. The users transmit
their data in the same time-frequency resource. The M x 1
received vector at the BS is

y=.p, Hx+n 2.1

Where H represents the M x K channel matrix
between the BS and the K users, \/pux is the K x 1 vector of
symbols simultaneously transmitted by the K users (the
average transmitted power of each user is pu); and n is a
vector of additive white, zero-mean Gaussian noise. We take
the noise variance to be 1, to minimize notation, but without
loss of generality. For favorable propagations consider an M
x K uplink (multiple-access) MIMO channel H, where M > K,
neglecting for now path loss. This channel can offer a sum-
rate of

R=3ilog(1+ pdl) (22
Where p, is the power spent per terminal and
{_Kk}\1 are the singular values of H.
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111 ACHIEVABLE RATE

By using a large antenna array, we can reduce the
transmitted power of the users as M grows large, while
maintaining a given, desired quality-of-service. In this section,
we quantify this potential for power decrease, and derive
achievable rates of the uplink. Theoretically, the BS can use
the maximum-likelihood detector to obtain optimal
performance. However, the complexity of this detector grows
exponentially with K. The interesting operating regime is
when both M and K are large, but M is still (much) larger than
K, i.e., 1 KK «M. It is known that in this case, linear
detectors (MRC, ZF and MMSE) perform fairly well [8] and
therefore we will restrict consideration to those detectors in
this paper. We treat the cases of perfect CSI and estimated
CSl separately.

Perfect Channel State Information I
We first consider the case when the BS has perfect CSI, i.e. it
knows H. Let A be an M x K linear detector matrix which
depends on the channel H. By using the linear detector, the
received signal is separated into streams by multiplying it with
A" as follows

r= A%y (31

We consider three conventional

MRC, ZF, and MMSE, i.e.,
A= H

linear detectors

for MRC

for ZF

=H [HHH+ul_fk] for MMSE (3.2)

From(2.1) and (3.1),the received vector after using the linear
detector is given by

r= /p.ARHx+ 4 (3.3)

Where r, and x, be the k", element of the K » 1 vectors r and
X, respectively. Then
= \.'Eaf H.ox+ af.ﬂ
R 'EE-ELL[:R I:-'E. IITI:‘TI: + R’Eﬂ' (34)
Where a, and hy are the k' columns of the matrices A and H
respectively. For a fixed channel realization H, the noise-plus-

interference term is a random variable with zero mean and
variance

= Jpua; Ehr, +

K

pu D |afhy” +llagl?
f—Li+ i (3.5)
Assuming further that the channel is ergodic so that

each code word span over a large (infinity) number of
realizations of fast fading of H, the ergodic achievable uplink

rate of the k'™ user is

Pu L'.'h

Rpx=E {.'Ogg { Lt CIR Y S céfr.: “tllax Jj
(3.6)

Case 1: Assume that the BS has perfect CSI and that the
transmit power of each user is scaled with M according to p, =
EJ/ M, E,isfixed. Then

Ron— log-[1+ [.E,), M —infinity (3.7)
a) Maximum-Ratio Combining: With MRC, A=H so
@, = I, From (8),the achievable uplink rate of k' user is:

e =]

=LIEA

(3.8)
b) Zero Forcing Receiver: With ZF,A%. H = [,
therefore,a‘-’jr =1 where k=Iand 0
otherwise. From (7) the uplink rate of the k™ user is:
ZF _ ply Pu W
R.‘—"--'{ - EI;_ 042 ( [f i r_r'.—"_]__.:IJ (39)

--:!:' = '5.'{.:' where 5;,__-'

IV.ENERGY-EFFICIENCY VERSUS SPECTRAL-
EFFICIENCY TRADEOFF

The energy-efficiency (in bits/Joule) of a system is
defined as the spectral-efficiency (sum-rate in bits/channel
use) divided by the transmit power expended (in
Joules/channel use). Typically, increasing the spectral
efficiency is associated with increasing the power and hence,
with decreasing the energy efficiency. Therefore, there is a
fundamental tradeoff between the energy efficiency and the
spectral efficiency. However, in one operating regime it is
possible to jointly increase the energy and spectral
efficiencies, and in this regime there is no tradeoff.

In this section, we study the energy-spectral
efficiency tradeoff for the uplink of MU-MIMO systems
using linear receivers at the BS. Certain activities
(multiplexing to many users rather than beam forming to a
single user and increasing the number of service antennas)
can simultaneously benefit both the spectral-efficiency and
the radiated energy-efficiency. Once the number of service
antennas is set, one can adjust other system parameters
(radiated power, numbers of users, duration of pilot
sequences) to obtain increased spectral-efficiency at the cost
of reduced energy-efficiency, and vice-versa. This should be
a desirable feature for service providers: they can set the
operating point according to the current traffic demand (high
energy-efficiency and low spectral-efficiency, for example,
during periods of low demand.

Single-Cell MU-MIMO Systems: We define the spectral
efficiency for perfect and imperfect CSI, respectively, as
follows

—TE_FL. 4))

-.-—J.«:l
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Where AE {MRC, ZF, MMSE] corresponds to MRC, ZF
and MMSE, and T is coherence interval in symbols. The
energy efficiency for perfect and imperfect CSl is defined as:
'r1"=i'— lR-"‘- & 'r1"=i' — l Ef-"i- (42)
e = L. 0E e = o, e &
For perfect CSlI, it is straightforward to that when the spectral
efficiency increases, the energy efficiency decreases. For
imperfect CSI, this is not always so.

a)Maximum- Ratio combining: The spectral efficiency and
energy efficiency with MRC processing are given by

i -1 ... Tl —1lps K
R = — Klogs |1+ —=——-—) &
= T LE=1)pi+ K+t)py+1/
J"?C MERC
Nip Rf:: 4.3)

For low p, the energy eff|C|ency increases when p, increases,
and for high p, the energy efficiency decreases when p,
increases. The relation between the spectral efficiency
and energy efficiency at p,, << 1:

<
S MHL r KL
Min

- H‘I'_ K.log:{elriM — 1. R (4.4)

We can see that wheng,, == 1 by doubling the spectral

efficiency, or by doubling M, we can increase the energy
efficiency by 1.5 dB.

Zero-Forcing Receiver: The spectral efficiency and energy
efficiency for ZF are given by

= T—T W-K)pi 1 F
RZF = T K lag, (1+—J1& ni = —RE

+op
(4.5)

Similarly to in the analysis of MRC, we can show that at low
transmit power ., , the energy efficiency increases when the
spectral efficiency increases. In the low-},regime, we obtain
the following:

=

nf‘{€1mb&ﬁmm—KME (4.6)

Again, at p,, << 1 by doubling M or BZF, we can

increase the energy eff|C|ency by 1.5 dB.

rF!

V.NUMERICAL RESULTS

We assume that the transmitted data are modulated
with OFDM. Here, we choose parameters that resemble those
of LTE standard: OFDM symbol duration of Ts = 71.4us and
useful symbol duration of Tu = 66.7us. Therefore, the guard
interval length is Tg = Ts — Tu = 4.7us. We choose the
channel coherence time to be Tc =1 ms. Then,

where — = 14 is the number of OFDM symbols in a 1 ms

I

coherence interval, and = 14 corresponds to the “frequency

smoothness interval”.

Energy Efficiency versus Spectral Efficiency Tradeoff:

We examine the tradeoff between energy efficiency and
spectral efficiency in more detail. Here, we ignore the effect
of large-scale fading, i.e., we set D = IK. We normalize the
energy efficiency against a reference mode corresponding to a
single-antenna BS serving one single-antenna user with pu =
10 dB. For this reference mode, the spectral efficiencies and
energy efficiencies for MRC, ZF, and MMSE are equal, and
given by

0 T g (100 (1 4 —FHZE )
Rip = E{loga(1+ 20 )
y AT
np=— (51

Fig. 1 shows the relative energy efficiency versus the
spectral efficiency for MRC and ZF. The relative energy
efficiency is obtained by normalizing the energy efficiency by
r}f!'; and it is therefore dimensionless. The dotted and dashed

lines show the performances for the cases of M = 1, K = 1 and
M = 100, K = 1, respectively. Each point on the curves is
obtained by choosing the transmit power p, and pilot sequence
length _ to maximize the energy efficiency for a given spectral
efficiency. The solid lines show the performance for the cases
of M = 50, and 100. Each point on these curves is computed
by jointly choosing K, T and pu to maximize the energy-
efficiency subject a fixed spectral-efficiency. We next
consider a multiuser system (K > 1). Here the transmit power
pu, the number of users K, and the duration of pilot sequences
T are chosen optimally for fixed M. We consider M = 50 and
100. Here the system performance improves very significantly
compared to the single-user case. For example, with MRC, at
pu = 0 dB, compared with the case of M = 1,K = 1, the
spectral-efficiency increases by factors of 50 and 80, while the
energy-efficiency increases by factors of 55 and 75 for M = 50
and M = 100, respectively.

The corresponding optimum values of K and _ as
functions of the spectral efficiency for M = 100 are shown in
Fig. 2. For MRC, the optimal number of users and uplink
pilots are the same (this means that the minimal possible
lengths of training sequences are used). For ZF, more of the
coherence interval is used for training. Generally, at low
transmit power and therefore at low spectral efficiency, we
spend more time on training than on payload data
transmission. At high power (high spectral efficiency and low
energy efficiency), we can serve around 55 users, and K = T

for both MRC and ZF.
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Fig. 1.Energy efficiency (normalized with respect to the reference mode)
versus spectral efficiency for MRC and ZF receiver processing with
imperfect CSI.

The reference mode corresponds to K = 1,M = 1
(single antenna, single user), and a transmit power of pu = 10
dB. The coherence interval is T = 196 symbols. For the
dashed curves (marked with K = 1), the transmit power p, and
the fraction of the coherence interval t /T spent on training
was optimized in order to maximize the energy efficiency for
a fixed spectral efficiency. For the green and red curves
(marked MRC and ZF; shown for M = 50 and M = 100
antennas, respectively), the number of users K was optimized
jointly with pu and r /T to maximize the energy efficiency for
given spectral efficiency. Any operating point on the curves
can be obtained by appropriately selecting pu and optimizing
with respect to K and /T . The number marked next to the x

marks on each curve is the power p, spent by the transmit.
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Fig.2. Optimal number of users K and number of symbols T spent on

training, out of a total of T = 196 symbols per coherence interval, for the
curves in Fig. 6 corresponding to M = 100 antennas.

V1. CONCLUSION
Multiuser MIMO systems offer the opportunity of
increasing the spectral efficiency (in terms of bits/s/Hz sum-
rate in a given cell) by one or two orders of magnitude, and
simultaneously improving the energy efficiency (in terms of

bits/J) by three orders of magnitude. This is possible with
simple linear processing such as MRC or ZF at the BS, and
using channel estimates obtained from uplink pilots even in a
high mobility environment where half of the channel
coherence interval is used for training. Generally, ZF
outperforms MRC owing to its ability to cancel intra cell
interference. However, in multi cell environments with strong
pilot contamination, this advantage tends to diminish. MRC
has the additional benefit of facilitating a distributed per-
antenna implementation of the detector. These conclusions are
valid in an operating regime where 100 antennas serve about
50 terminals in the same time-frequency resource, each
terminal having a fading-free throughput of about 1 bpcu, and
hence the system offering a sum-throughput of about 50 bpcu.

REFERENCES

[1] S. Tombaz, A. V' astberg, and J. Zander, “Energy- and cost-
efficient ultrahigh-capacity wireless access,” IEEE Wireless
Commun.Mag., vol. 18,no. 5, pp. 18-24, 2011.

[2] Y. Chen, S. Zhang, S. Xu, and G. Li, “Fundamental trade-offs on
green wireless networks,” IEEE Commun. Mag., vol. 49, no. 6, pp.
30-37,2011.

[3] D. N. C. Tse and P. Viswanath, Fundamentals of Wireless
Communications. Cambridge, UK: Cambridge University Press,
2005.

[4] H. Huh, G. Caire, H. C. Papadopoulos, S. A. Rampshad,
“Achieving large spectral efficiency with TDD and not-so-many base
stationantennas,” in Proc. IEEE Antennas and Propagation in
Wireless Communications (APWC), 2011.

[5] S. Wagner, R. Couillet, D. T. M. Slock, and M. Debbah, “Large
system analysis of zero-forcing precoding in MISO broadcast
channelswith limited feedback,” in Proc. IEEE Int. Works. Signal
Process. Adv. Wireless Commun.(SPAWC), 2010.

[6] G. Auer et al., D2.3: Energy efficiency analysis of the reference
systems,areas of improvements and target breakdown. INFSO-ICT-
247733EARTH, ver. 2.0, 2012. [Online]. Available: http://www.ict-
earth.eu/

[7] H. Weingarten, Y. Steinberg, and S. Shamai, “The capacity
region of the Gaussian multiple-input multiple-output broadcast
channel,” IEEE Trans. Inf. Theory, vol. 52, no. 9, pp. 3936-3964,
Sep. 2006.

[8] T. L. Marzetta, “Noncooperative cellular wireless with unlimited
numbers of BS antennas,” IEEE Trans. Wireless Commun., vol. 9,
no. 11, pp. 3590-3600, Nov. 2010.

[9] ——, “How much training is required for multiuser MIMO,” in
Fortieth Asilomar Conference on Signals, Systems and Computers
(ACSSC ’06), Pacific Grove, CA, USA, Oct. 2006, pp. 359-363.

[10] F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta,
O. Edfors, and F. Tufvesson, “Scaling up MIMO: Opportunities and
challenges with very large arrays,” IEEE Sig. Proc. Mag., accepted.
[Online]. Available: arxiv.org/abs/1201.3210.

[11]H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Uplink
powerefficiency of multiuser MIMO with very large antenna arrays,”
inProc.Allerton Conf. Commun., ontrol, Comput.,, Urbana-
Champaign, IL., Sept. 2011, pp.1272-1279.

[12] D. Gesbert, M. Kountouris, R. W. Heath Jr., C.-B. Chae, and T.
S-alzer, “Shifting the MIMO paradigm,”

IEEE Sig. Proc. Mag., vol. 24,no. 5, pp. 36-46, 2007.

[13] G. Caire, N. Jindal, M. Kobayashi, and N. Ravindran,
“Multiuser MIMO achievable rates with downlink training and

502



ISSN 2278-3091

International Journal of Advanced Trends in Computer Science and Engineering, Vol. 3, No.1, Pages : 499- 503 (2014)
Special Issue of ICETETS 2014 - Held on 24-25 February, 2014 in Malla Reddy Institute of Engineering and Technology, Secunderabad- 14, AP, India
channel statefeedback,”IEEE Trans. Inf.Theory, vol. 56, no. 6, pp.
2845-2866, 2010.

[14] J. Jose, A. Ashikhmin, T. L. Marzetta, and S. Vishwanath,“Pilot
contamination and precoding in multi-cell TDD systems,”IEEE
Trans.Wireless Commun.,vol. 10, no. 8, pp. 2640-2651, Aug. 2011.
[15] S. VerduMultiuser Detection, Cambridge University Press,
1998.

[16] P. Viswanath and D. N. C. Tse, “Sum capacity of the vector
Gaussian broadcast channel and uplink-downlink duality”IEEE
Trans.Inf. Theory, vol. 49, no. 8, pp. 1912-1921, Aug. 2003.

[17] J. Hoydis, S. ten Brink, and M. Debbah, “Massive MIMO: How
many antennas do we need?,” inProc. 49th Allerton Conference
onCommunication, Control, and Computing, 2011.

[18] A. Fehske, G. Fettweis, J. Malmodin and G. Biczok, “The global
footprint of mobile communications: the ecological and economic
perspective,”IEEE communications Magazine, pp. 55-62, August
2011.

[19] H. Yang and T. L. Marzetta, “Performance of conjugate and
zero-forcing beanforming in large-scale antenna systems IEEE J.
Select.Areas Commun., 2012, submitted.

[20] H. Cram'er,Random Variables and Probability Distributions.
Cambridge, UK: Cambridge University Press, 1970.

503



