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Abstract—This paper aims to explore the potential of a high
spectrum efficiency (SE) technology, coordinated multi-point
(CoMP) transmission, for improving energy efficiency (EE) of
downlink cellular networks. To this end, a traffic-aware mecha-
nism, named cooperative base station (BS) doze, is introduced and
optimized. The key idea is to allow BS idling by exploiting the
delay tolerance of some users as well as the short-term spatio-
temporal traffic fluctuations in the network, and to increase
the opportunity of the idling by using CoMP transmission. The
cooperative BS doze strategy involves BS time-slot doze pattern,
and multicell user scheduling and cooperative precoding with
different amount of data sharing, which are jointly optimized in a
unified framework. To ensure various performance requirements
of multiple users including delay tolerance and data rate, we
maximize the network EE under different time-average rate
constraints for different users, where the consumptions on trans-
mit power, circuitry power and backhauling power are taken
into account. We then propose a hierarchical iterative algorithm
to solve the optimization problem. Simulations under practical
power consumption parameters demonstrate that cooperative BS
doze can provide substantial EE gain and support high data rate
services with high achievable SE.

Index Terms—Spectrum efficiency, energy efficiency, coopera-
tive doze, coordinated multi-point (CoMP).

I. INTRODUCTION

N THE PAST years, energy efficiency (EE) has become an

important design goal for cellular networks in addition to
spectrum efficiency (SE) [1]. It has been widely recognized
that SE can be effectively improved by coordinated multi-point
(CoMP) transmission, where multiple base stations (BSs) co-
operatively serve the users in multiple cells — a technique that
is particularly useful in urban environments, where the dense
deployment of BSs ensures that the users are always within
communication distance with multiple BSs [2,3]. However,
since CoMP transmission requires considerably larger signal
processing and backhauling energy consumptions than Non-
CoMP [4], its high SE does not necessarily lead to a high
EE.

Nonetheless, CoMP transmission has the potential for im-
proving the EE. On one hand, the increased SE can shorten
the transmission time to ensure the quality of service (QoS)
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requirements of users, which reduces the circuitry energy con-
sumption. On the other hand, sharing data and channel state
information (CSI) among coordinated BSs provides CoMP
systems a large spatio-temporal resource pool, which can be
allocated flexibly to save energy while accommodating various
traffics in the network and various QoS requirements.

To improve the EE without sacrificing QoS, exploiting the
spatial and temporal fluctuation of the traffic is an essential
principle [5], based on which some traffic-aware transmission
strategies have been proposed [5—10]. For example, switching
the underutilized BSs to sleep mode during off-peak time
of cellular networks is commonly recognized as a promising
approach to reduce energy consumption. This is practically
possible because the deployment of existing cellular networks,
usually optimized for fully loaded traffics, leads to very
inefficient usage of BSs during off-peak time. Moreover, the
daily traffic variation due to user mobility and activities is pre-
dictable. The traffic pattern is highly stable over consecutive
days and the off-peak time lasts hours each day exhibiting
a pronounced diurnal behavior. This indicates that BS sleep
strategies can operate on a long-term time scale, say, hours.
Several BS sleep schemes have been studied, see e.g., [6—8]
and references therein, to shut down the BSs with low traffics
during the off-peak period.

Another example of the traffic-aware mechanism is based
on a recent analysis on the traffic features in existing cellular
networks, which shows that in fact there exist many BSs
having no data to transmit if measured on a time scale of
milliseconds [9]. This suggests that we can employ an all-
day strategy operated on a short-term time scale, BS doze,
to improve the efficiency of the network resource usage. BS
doze, also known as BS micro-sleep or cell discontinuous
transmission [10], is believed to be an efficient approach
for saving circuitry energy, since it deactivates the energy-
consuming hardware components when the BS operates in
idle mode (i.e., there is nothing to transmit). The basic idea
behind BS doze to improve the EE is to provide on demand
service, where the transmission adapts to the short-term traffic
fluctuations as well as the delay-tolerant traffics. In particular,
within the delay tolerance, the BS can aggregate data and
transmit them with high rate during a part of the time slots,
while remaining in idle mode during other time slots. On the
other hand, however, since higher SE needs higher transmit
power, increasing the number of idle time slots will lead to an
increase of transmit energy consumption [11, 12]. Therefore,
BS doze essentially is a kind of resource allocation strategy
to balance the transmit and circuitry energy consumptions.

The application of BS doze in practical networks is often
limited by delay-sensitive services (e.g., voice and video
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teleconferencing), for which the BS needs to be active even
when delay-tolerant applications are served simultaneously.
We propose that this problem can be solved by using CoMP
transmission since some coordinated BSs can help the dozed
BSs to provide service. Owing to the large spatio-temporal
resource pool contributed by the coordinated BSs, CoMP has
the flexibility to assign the BSs and allocate the time slots for
supporting the QoS requirements of various traffics. Moreover,
CoMP can provide high SE, thereby the required number of
active time slots is reduced and more circuitry energy can be
saved. In other words, CoMP can be employed to increase the
opportunity of BS doze. An example to illustrate the impact
of CoMP transmission is shown in Fig. 3, which is obtained
with the proposed BS doze strategy as explained in more detail
in Section IV. It is shown that BS doze is possible for Non-
CoMP only when all applications are delay-tolerant, while it
works for CoMP regardless of the types of applications.

CoMP transmission and delay tolerant traffics have been
separately considered to reduce energy consumption in the
literature. The EE of CoMP transmission was evaluated in
[4] with a minimum mean square error (MMSE) precoder,
which showed that the benefits of CoMP depend on the extra
power consumption from the complicated signal processing
and the increased backhaul traffic. CoMP assisted BS sleep
was studied in [7] and [13], where a multicell multi-user zero-
forcing precoder and a single-user precoder were respectively
considered to avoid the coverage hole caused by the BS
sleep. In [14], CoMP assisted BS doze was investigated,
where CoMP was used to improve the coverage again and the
extra power consumption led by cooperative processing and
backhauling was not considered. When accounting for delay
tolerant traffics, from the viewpoint of minimizing transmit
energy, it was shown in [15] that transmitting in the entire
time duration with low data rate is the most energy efficient
way. However, when circuitry energy consumption is taken
into account, the tradeoff between delay tolerance and energy
consumption becomes complicated. Accounting for both the
transmit and circuitry energy consumptions, transmission and
idle time allocation was optimized respectively for sensor
networks in [11] and for relay networks in [12].

In this paper, we investigate the potential of exploiting BS
cooperation, spatio-temporal traffic variation in the network
and different QoS requirements of multiple users to improve
the EE of downlink cellular networks. Note that although
CoMP transmission can increase the opportunity of BS idling,
it also induces extra signal processing and backhauling power
consumptions, which largely depend on the amount of data
shared among the BSs. Therefore, it is necessary to analyze
the impact of data sharing strategies on the EE of the network.
To this end, we consider CoMP with partial data sharing, i.e.,
the data of some users are shared only within a subset of
coordinated BSs. The main contributions are summarized as
follows:

o We propose a spectrum and energy efficient transmission
strategy, named cooperative BS doze, which employs BS
idling to improve the EE, and employs CoMP to improve
the achievable SE and to increase the opportunity of BS
idling. Specifically, the strategy exploits the increased
SE and flexible user access supported by CoMP as well

as exploits the diverse QoS demands of various traffics
to increase the number of idle time slots and idle BSs
for energy saving. A unified framework for optimizing
the cooperative BS doze strategy is established. The BS
time-slot doze pattern, and multi-user scheduling and
precoding for CoMP systems with partial data sharing
are jointly optimized, aimed at maximizing the network
EE under the per-BS power constraints (PBPC) and per-
user time-average rate constraints to meet the data rate
and delay tolerance requirements of all users.

o To explore the potential of cooperative BS doze for
improving the EE, we develop a hierarchical iterative
algorithm to efficiently find a solution of the joint op-
timization problem. Simulation results using practical
power consumption parameters show that cooperative BS
doze can provide substantial EE gain over Non-CoMP BS
doze, besides supporting high data rate services with the
same transmit power constraint. By judiciously designing
the transmission strategies as well as the data sharing
strategies for CoMP systems accounting for the delay and
data rate requirements, higher EE can be achieved. More-
over, the EE increases when the required SE increases.

II. SYSTEM AND POWER CONSUMPTION MODEL
A. System Model

Consider a universal frequency reuse downlink CoMP net-
work consisting of L cooperative cells each including an M-
antenna BS. The radio resources are divided into a number
of orthogonal time-frequency resource blocks (RBs), each
including 7" time slots and with W Hz bandwidth, which
are allocated to different users through time-division and
frequency-division multiple access. Within each RB, multi-
user multi-input multi-output (MU-MIMO) precoding based
space-division and time-division multiple access techniques
are employed to serve K single antenna users located in the
L cells.

In this paper, we assume that BS doze is enabled in
both frequency and time domain. Frequency BS doze is also
known as bandwidth adaptation, which adjusts the usage of
RBs according to the traffic variation [16]. This leads to a
reduction of the maximal transmit power, so that the operating
point of the power amplifier can be adapted for saving
energy. Temporal BS doze saves energy by deactivating power-
consuming hardware components when there are no data to
transmit over the whole bandwidth. Although frequency and
temporal BS doze are based on different principles, they
perform similarly in energy saving in practice as analyzed in
[16]. For simplifying the analysis, we assume that frequency
BS doze in one RB saves 1/N energy of temporal BS doze
in one time slot, where /N denotes the number of RBs in the
whole bandwidth. We refer to the frequency and temporal BS
doze as BS doze in the following, and concentrate on the
design of the cooperative BS doze strategy in one RB.

We consider that the users have different QoS requirements,
which are characterized by packet delay and packet size. For
the k-th user (denoted by MSy), assume its packet delay as
T}, time slots, within which it needs to successfully receive
By, bits of information. These two QoS requirements together
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can be represented by a time-average data rate constraint for
MS;; during the T}, time slots. In contrast to an instantaneous
data rate constraint, such a constraint allows BS doze. The
values of T} and Bj, depend on the application type of MSy.
In general, small 7} can represent delay-sensitive applications
such as voice and video teleconferencing, while large T}, and
By, can reflect delay-tolerant ones like web browsing and file
transfers [17, 18].

We assume flat fading channel within each RB and assume
block fading channels, i.e., the channels remain constant
during each RB and are independent among different time
blocks.! We assume perfect channel estimation at the BSs and
perfect sharing of data and channel information among the co-
ordinated BSs via noiseless and zero-latency backhaul links.?
Denote hy;, € CM*! as the composite channel from BS,, to
MSy,, which is comprised of both large-scale and small-scale
fading channels. Then the global channel of MS; from all
coordinated BSs can be expressed as hy = [hl ,... hI ],
where (-)7" denotes the transpose. We consider linear precod-
ing, which provides good performance with low complexity.
Denote wi; = [wft_l, . ,wgt’L]T as the precoding vector for
MS;, in the ¢-th time slot, where wy,, € CM*! represents the
precoder of MS;, at BS;. Then the signal received at MSy, in
the ¢-th time slot can be expressed as

H H K
Yt =y Wiemne Hhy 300 ) WieTge 2k, (1)
S——— —_————

desired signal inter-user interference

where x; is the data symbol for MSy in the ¢-th time slot
with E{|xy:|?} = 1, and 2, is the additive white Gaussian
noise (AWGN) with zero mean and variance o2. Herein,
E{-} denotes the expectation and (-) denotes the conjugate
transpose.

When we treat the inter-user interference as white noise, the
instantaneous signal-to-interference plus noise ratio (SINR)
and the achievable data rate of MS;, in the ¢t-th time slot are
respectively

[hy wi|?
>k i Wl + 02

SINRM = Rkt = 10g2 (1 + SINRkt) .

@)

B. Power Consumption Model

A typical power consumption model for currently deployed
BSs is presented in [1], which reflects the impact of power
amplifier, radio frequency (RF) circuit, baseband processor,
power supply and battery backup, and cooling. To capture the
features of CoMP transmission, this model is extended similar
to [4] as follows,

Pgy = aP' + Pyt + P+ Py, 3

where Pé"’st is the total power consumption of BS; in the ¢-
th time slot, Pé’(’t, Psl;;t, Pcbc’t and Pbbﬂt denote the transmit
power, the signal processing power, the circuitry power and

'As most closed-loop transmission schemes, the cooperative BS doze
strategy is mainly applicable for low-mobility scenarios.

2For highly interactive applications such as voice and video teleconferenc-
ing, the performance of CoMP will degrade if the backhaul links are noisy
and with large latency.

the backhauling power in the ¢-th time slot, respectively, and
the factor a reflects the impact of power amplifier, cooling,
power supply and battery backup.

The transmit power of BS; in the ¢-th time slot can be
expressed as

K
b,
PR = [wreal?, 4)
k=1
where || - || denotes Euclidian norm.

The signal processing power refers to the power consump-
tion for channel estimation and spatial precoding. The value
of Ps%t depends on the number of channel coefficients to
be estimated and the dimension of precoders to be designed.
For Non-CoMP transmission, each BS needs to estimate %
channel coefficients and compute %-dimension precoder for
all % users in each cell, where we assume the same number
of users in each cell for simplicity. For CoMP transmission,
each BS needs to estimate K M channel coefficients from it
to all users in the coordinated cells [2]. The dimension of
CoMP precoder depends on the data sharing strategy, because
a BS only computes precoder for the users whose data are
available at it. Let (), denote the dimension of the precoder
to be computed at BSy, and Q, > KM/L. Then following
[4] the signal processing power can be modeled as

2
LQb) ’ )

Py' = pypcL+ popp (m

where pg, . and pg, are the baseline processing powers for
channel estimation and precoder computation consumed by a
Non-CoMP BS, ie., L = 1. It is easy to see that Psl;;t =
Dspc + Dspp When L = 1. CoMP transmission will consume
more signal processing power. For instance, when all data are
shared among L coordinated BSs, we have (), = KM and
Psl]);;t = psp,cL + psp,pLQ-

The backhauling power consumption comes from sharing
channel and data among coordinated BSs, which is modeled as

pon(PB + P¢)
Chh 7
where pp, denotes the power consumption of the backhaul
equipment under the maximum rate Cy,, and p%t and plgt
denote the backhaul traffic in the ¢-th time slot due to the data
and channel sharing for BS;. Considering practical system
configurations and moderate Doppler speeds, it was shown in
[19] that the backhaul capacity required for channel sharing
is negligible compared with data sharing. Therefore, we only
consider the backhauling power consumption for data sharing.
The circuitry power includes the power consumption of RF
circuits, the baseband processing excluding signal processing,
cooling, power supply and battery backup. The value of pht
depends on the BS’s operation modes, including the active
mode when there is a signal to transmit and the idle mode
when there is nothing to transmit [1]. The operation mode
of a BS can be identified by examining its transmit power.
The circuitry power can be modeled by a piecewise function
as P%' = Py if P2 = 0 and P%' = P.., if PY' > 0,
where F..; and P, respectively denote the circuitry power
in idle and active modes and P o > P ;. By defining dp =

bt
By =

(6)
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Pec.o — Pec i, the circuitry power can be rewritten as

PYt = 5psign(P2") + P, (7)

where the function sign(xz) = 1 if > 0 and sign(x) = 0 if
x = 0.

III. OPTIMIZATION OF COOPERATIVE BS DOZE

In this section, the cooperative BS doze strategy is first
introduced and then optimized, aimed at maximizing the EE
under the constraints of the QoS requirements of multiple
users with hybrid traffics. Finally, an efficient algorithm is
proposed to obtain the cooperative BS doze strategy.

A. Cooperative BS Doze Strategy and Problem Formulation

Cooperative BS doze is a strategy to save energy by
supporting the service on demand with a flexible usage of
the available resource pool contributed by multiple BSs. Its
basic principle is to allow some BSs to switch into idle mode
during some time slots, whenever the remaining coordinated
BSs are able to support the QoS requirements of the users. It
is essentially a spatio-temporal resource allocation strategy to
maximize the EE by exploiting the short-term spatio-temporal
traffic fluctuations and by exploiting the delay tolerance of
some users. In particular, we need to determine which coor-
dinated BSs should serve which group of users in which time
slots with what form of precoding, when all other BSs are
turned into idle mode in the remaining time slots. In other
words, we need to find the time-slot doze pattern of each
BS, select the users to be served in the same time slot, and
design the joint precoding. To establish a unified framework
to optimize the BS doze strategy, we consider linear precoding
for all users in all time slots of a RB. Then we can say that
MSy, is scheduled in the ¢-th time slot if ||wy¢||? > 0, and BS;
operates in idle mode in the ¢-th time slot if ||wyyp||? = 0 for
all £.

Since data sharing affects the signal processing and back-
hauling powers as well as the transmit power,> we consider
partial data sharing among the BSs and express it as a
constraint on the precoding vector for MSy. In this way,
we can incorporate the multicell precoding with different
amount of data sharing into the unified framework. We denote
D C {1,...,L} as a subset of BSs who have the data of
MSy,, and define D;, € CEM*LM 44 3 block-diagonal matrix
with block size M whose b-th diagonal block is 0,/ if b € Dy
and I, if b ¢ Dy, ie., D, sorts out the BSs that do not
transmit data to MSy. Then the constraints on the precoding
vector for MSj, can be expressed as

Dywi: = O ()

Herein, Iy, Oy and Oy denote N x N identity and zero
matrices and an N X 1 zero vector.

We define the EE as the ratio of total number of bits
transmitted to all users to total energy consumed by all BSs
in a RB. For notational simplicity, we assume that the time
interval of a RB, 7T, is an integer multiple of 7} so that

3In general, to achieve the same data rate, the more the data is shared, the
less transmit power is needed.

each RB can be divided into (G}, sub-blocks for MS;, in time
domain, where G}, = le, as illustrated in Fig. 1. Within each
sub-block, By, bits need to be delivered.* Therefore, the total

number of bits to be transmitted in a RB can be obtained as

K
Biow = Y, GBy. )

k=1

This translates to the QoS constraint of MSy, in each sub-block
> WARw =By, g=1,...,Gx, (10)
tESky

where Sy, denotes the index set of time slots in the g-th sub-
block for MSy, |Skg| = Tk, A¢ is the duration of each time
slot, Ry; is the data rate in the ¢-th time slot that can be
obtained from (2), and |S| denotes the cardinality of a set S.
Note that Ry, can vary for different time slots, because the
number of the cooperative BSs who are active in the time slots
may differ.

The QoS constraint (10) captures the impact of the diverse
delay tolerance of multiple users. We can set the delay
tolerance of MSy, as T}, i.e., By bits of message should be
conveyed within T}, time slots. It reduces to an instantaneous
data rate constraint when 7}, = 1 for delay-sensitive applica-
tions and is a time-average rate constraint for the users with
delay-tolerant traffics.

Next we compute the energy consumption. According to
the power consumption model in Section II-B, in the ¢-th time
slot, the total transmit power of all BSs can be expressed as
Zézl Pt%z = Zszl |[wit||?, and the total circuitry power is

v Fec. To reflect the impact of partial data sharing, we
use Uy, C {1,...,K} to denote the user set whose data are
available at BS;,. Then BS; needs to compute spatial precoders
for |Uy| users, whose dimension Q) is |Uy|M, and the signal

. .. bt L|Uy|\2
processing power consumption is Pyy" = pyp e L+pepp (=5 ) "
For the backhauling power consumption, because BS; needs
to receive the data of users in U} from core networks, plgt =
Zkeub W R} and Ptf’h’t = Db Ekeub W Ryt /Con. Therefore,
we can obtain the total energy consumption in one RB as

T K L 2
Etolal :At < CLZ Z Hwkt ||2 + TZ (psp,cL + psp,p(LIIZ;{bI ) )
t=1k=1 b=1

transmit power

signal processing power

T L i W T L
sy S S SR an
t=1b=1 bh t=1p=1keu,

circuitry power

backhauling power
T Gy
From (10), we have 3,  Rie = 320" X ics,, Bre =
%’“—ff. Then the backhauling power in (11) can be rewritten
as A’: ah 25:1 > reu, Gk B Further considering (9), the EE

is obtained as (12) at the top of the following page, where the

4The more general case can be easily included by using a time-proportioned

rule as follows. We divide a RB into G}, sub-blocks for MSy,, where G, =

(Tl] and [z denotes the smallest integer not smaller than x. Each of the first

G — 1 sub-blocks includes T}, time slots, during which By, bits are delivered.

The final sub—bl9ck includes 77, time slots, where T} = T' — (G}, — 1)T},
Tk

during which TkBk bits are delivered.
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Sub b]ock 1 Sub block 2 Sub block 3 Sub block 4

At At At At At At At At IW Hz

I I I I I I I
1 2 3 4 5 6 7 T

A -

=
8  Time slot index

Fig. 1. Ilustration of delay tolerance related parameters for MSy with T'= 8, Ty, = 2, G, = 4, and Sz = {5, 6} as an example.

EE = Btolal _ W.SE . (12)

Eoa | EE 9 Liu| bt | W pph &
TZZHWMH +Z(p8ch+P8pp( ) )"' ZZPC Z ZSEk

t=1k=1 b=1 Tr=i= Con 5= 1 kEU,

per-RB SE of MS;; and the total per-RB SE of the system are is equivalent to problem (14), i.e., the two problems have
respectively defined as identical globally optimal solutions.
The equivalence is shown as follows. First, it is easy to
SE. = G By, and SE = Z SE. = M (13) see the equivalence between the maximization of EE in (14a)
WTA, 1 WTA, and the minimization of total transmit and circuitry power
consumption in (15a) when 7}, Bj and the data sharing
strategy are given. Note that the objective function of problem
(15) is the total consumption of transmit power and circuitry
power, rather than the total transmit power only. Second,
the global optimum of problem (15) is attained when the

For a given data sharing strategy, the optimization problem
for cooperative BS doze aimed at maximizing EE while
satisfying the QoS requirements can be formulated as follows,’

max EE (14a)  constraints in (15b) hold with equality as in (14c). Otherwise,
- _ k
st Dywi = Opar, k=1, K, t=1..,T (14b) S"PPOSehal Dics,, fliv > zjy with the optimal precoder

B {w},}, then we can always find a new precoder {w}
Z Ry = ﬁ, g=1,...,Gy, k=1,...,K(14c) defined as wp, = cwy, fort € S, with ¢ < 1 and w}; = wkt

tESL, t for ¢ ¢ Skg,» which can meet all users’ data rate requirements
K with properly selected ¢ but consuming less transmit power
Z ||Wkt,b||2 <P/N, b=1,...,L, t=1,...,T, and the same circuitry power. In addition, the same partial
k=1 data sharing and power constraints make the two problems

(14d)  equivalent and yield the same globally optimal solutions.

. . ) . bt
where (14b) are the partial data sharing constraints, (14c) are 2) Equivalent Transformation II: The circuitry power Fec

the time-average rate constraints for multiple users that reflect 10 the objective function of problem (15) is not an explicit
the impact of their different delay tolerance and data rate function of the precoder wy;. To consider its impact on the
demands, (14d) are the PBPC, and P is the maximal transmit precoder design and facilitate the optimization, we introduce

power per BS that is equally allocated to N RBs. an auxiliary binary scalar variable q,: € {0,1} defined as
. bt . . L )
qvt = sign(Py"), with which the circuitry power modeled in

(7) can be expressed as Pcbgt = dpqpt + Pec,i- Since Pé’(’t =
Ele || Wit.b||?, we can incorporate the auxiliary variable gy
into a modified PBPC as follows

B. Equivalent Optimization Problem

1) Equivalent Transformation I: When both the QoS re-
quirements of MSy, T}, and By, and the data sharing strategy

are given,® the following total transmit and circuitry power X 20 PN bl Iot—1 T
consumption minimization problem subject to the minimal Z IWkepll” < gubo/N, b=1,....L, t=1,....T.
time-average data rate constraints and the PBPC =t (16)

Then, problem (15) can be equivalently reformulated as fol-

T K T L
rr‘lﬂilnaZZHwktHQ—l—ZZPcbc’t (15a) lows

t=1 k=1 t=1 b=1 T K T L
s. . (14b), (14d) minad Y [lwiel®+ D> (Gpa + Pees)  (172)
By t=1 k=1 t=1 b=1
t; Rkt,WA g=1,...,Gp, k=1,...,K (15b) o . (140). (155), (16)
" g {01}, b=1,....L, t=1,....,T. (17b)
5In (14), the notation w is short for {w¢}. which denotes precoders w .
for all k and ¢. The notations ¢ = {qp; }, v = {vjs }, B8 = {Bre}. 0 = {0k }. Note that gp; actually reflects the time-slot doze pattern
and 0% = {07} in the following are defined similarly. of BSy, e.g., q»x = O indicates that BS; is in idle mode in

SIn practice, the values of T}, and B}, are predetermined according to the the ¢-th time slot. On the other hand, it also implies that

QoS requirement of MSy, and the data sharing strategy is not able to change .. . .. . ..
dynamically. Therefore, assuming that they are known on the time scale of BS;, does not participate 1n CoMP transmission in this time

BS dozing is reasonable. slot. With the modified PBPC (16), the doze pattern indicator
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qpt 1s decoupled from the vector wy; in problem (15). As a
result, wy; only includes user scheduling and joint precoding
in problem (17).

Problem (17) is a combinatorial optimization problem
involving binary variables qp; and complex variables wig;.
To solve this problem, we propose a hierarchical iterative
algorithm to separately optimize ¢p; and wyg;. In the outer
iteration, a low-complexity greedy dozing algorithm is used to
find the doze pattern ¢5;. When the doze pattern is given, in
the inner iteration the joint precoder is found with an iterative
weighted MMSE algorithm.

C. Inner Iteration: Iterative Weighted MMSE Algorithm

For a given value of gy, minimizing the objective func-
tion of problem (17) is equivalent to minimizing the total
transmit power. When 7j = 1 for all k, the time-average
rate constraints (15b) reduce to instantaneous rate constraints,
which can be expressed as instantaneous SINR constraints
and further converted into second-order cone constraints [20].
Therefore, problem (17) is convex since both the objective
function and all constraints are convex.

When T}, > 1 for any k, however, the constraints (15b)
become non-convex. One way to solve this problem is to
convert the time-average rate constraints into the weighted
sum mean square error (MSE) constraints. Along the same
lines as the proof in [21], we can show that for a given qp;
problem (17) is equivalent to the following problem’

T K
> lwel?

t=1 k=1
s. t. (14b), (16)

Z ﬂktekt - 1Oge ﬂkt S Kk, 9 = ]-7 .. '7Gk7
tESky

(18a)

min
w,v,3

k=1,... K (18b)

in the sense that the two problems have identical globally op-
timal solutions, where v, €x; and Sy are defined in Appendix
A, and pp =T} —log, 2 - A7

Considering that the expressions of the optimal v and 3 will
be used later, we provide a brief proof for the equivalence in
Appendix A for the reader’s convenience.

Note that the constraints (18b) are still not jointly convex for
w, v and 3, because the weighted MSE includes a fourth-order
polynomial in w and v and the Hessian matrix of the fourth-
order polynomial is not positive semi-definite. Nevertheless,
the advantage of using the weighted sum MSE constraints lies
in their convexity for each of the optimization variables, which
allows us to find efficient suboptimal solutions. Furthermore,
since both the objective function and other constraints are
convex respectively for w, v, and /3, we can solve the
problem by alternately optimizing a variable with the other
two variables fixed, which is called iterative weighted MMSE
algorithm and summarized as follows.

"The PBPC (16) is necessary in problem (18), because the objective
function is the sum transmit power of all BSs. If we first solve the problem
by omitting the PBPC and then check the feasibility of the solution as in
single cell systems, some feasible problems will be regarded as infeasible.
This will lead to lower achievable SE of the system.

1) Initialize by finding a feasible w satisfying all the
constraints of problem (18).
2) Sequentially update w, v, and 5:
o Given w, the receive filter v can be updated in
closed form by (22) in Appendix A.
o Given w and v, the MSE €j; can be computed from
(21) in Appendix A, with which the scalar weight 3
can be updated in closed form by (22) in Appendix
A.
o Given v and f3, the vector of precoding and schedul-
ing w can be updated by solving the following
convex optimization problem:

T K
min 3> lfwil”
w

(19a)
t=1 k=1
K
s.t. Y Bt (1— 2R { v Wi wi, )+ (ZlthwM?
tESky j=1
+ 02) |Ukt|2) —log, Brt < puk (19b)
(14b), (16),
which comes from (18) by substituting (21) into
(18b).
3) Repeat step 2 until the required accuracy or the maxi-
mum number of iterations is reached. (]

To show the convergence of the iterative weighted MMSE
algorithm, let w(®, v and () denote the optimized vari-
ables in the i-th iteration. Given w(i), the update of v and (8
in the (7 4 1)-th iteration leads to a decrease of the value of
the left-hand side of (19b), because it is respectively convex
for v and 3. This means that w(? is feasible in the (i + 1)-
th iteration when v(“+1) and SC*+1) are given. Therefore, the
value of the objective function (19a) (i.e., the total transmit
power) in the (i + 1)-th iteration will not be larger than that
in the ¢-th iteration. Further consider that the transmit power
is lower bounded, which guarantees the convergence of the
algorithm.

Now we discuss how to find a feasible initial value of w,
which is crucial for the iterative algorithm. Such an initial
vector should satisfy all the constraints. An iterative method
was proposed in [21] to maximize the sum rate of multiple
users, where finding a feasible initial vector is easy since only
the maximal transmit power constraint was considered. For
our problem, however, the initialization is non-trivial because
the maximal weighted sum MSE constraints and the PBPC
contradict each other. To tackle this difficulty, we introduce
auxiliary scalar variables 04 to relax the maximal weighted
sum MSE constraints, and find a feasible initial value from
the following optimization problem:

K G,

Juin S g (20a)
k=1g=1

s. t. Z Brtert — 108, Bt < pik + g,
tGSkg
g=1,....,Gp, k=1,...,K  (20b)

Org >0, g=1,....Gp, k=1,....K (200
(14b), (16).
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We can always find a feasible solution to problem (20),
since for any w satisfying constraints (14b) and (16), which
are easy to obtain, we can choose 0, with large enough value
to ensure that the other constraints are satisfied. Let 8* be the
optimal solution to problem (20). Then if the optimal value of
the objective function ©* = S°1 ZgG:kl 0%, is zero, which
means ¢ = 0 considering constraints (20c), the relaxed
constraints (20b) become the original constraints (18b) and
the corresponding w is a feasible initial value of problem
(18). If ©* > 0, the maximal weighted sum MSE constraints
cannot be satisfied, then we say problem (18) is infeasible for
the given ¢, i.e., for this cooperative doze pattern the QoS of
the users can not be supported.

Problem (20) is respectively convex for {w,6}, v, and 3,
because both its objective function and constraints are linear
for 6 and respectively convex for w, v, and 5. Hence we can
also apply the iterative weighted MMSE algorithm to solve it
by replacing the objective function (19a) with (20a), changing
the term py, in (19b) with py + 04, and considering the
constraints (20c). Then in step 2 when v and [ are given,
we solve the new convex optimization problem to update w
and 6.

D. Outer Iteration: Greedy Dozing Algorithm

The optimal solution for the doze pattern g;; can be found
via exhaustive search over 27 possible candidates, which
however is of prohibitive complexity. In the following, we
propose a low-complexity greedy dozing algorithm, which
successively turns the BSs into idle mode until the total
transmit and circuitry power consumption will increase if one
more BS is chosen. The algorithm can be briefly summarized
as follows.

1) Initialize by setting ¢ = 1 for all b, ¢ and computing the
value of the objective function of problem (17) with the
iterative weighted MMSE algorithm, which is denoted
as P, out,0-

2) In the i-th iteration for ¢ = 1, ..., LT, find the variables
b’ and t’ so that setting g»rp = 0 leads to the minimal
power consumption:

o For each b,t, assume ¢ = 0 and compute the
value of the objective function of problem (17) with
the iterative weighted MMSE algorithm, denoted by

bt
Poum"
o Find ¥’ and ¢’ as (b/,t') = argmin, ;) PY ; and set
Pout,i = P(?utt,i-
o The iteration stops when Foy,; > Fou,i—1; other-
wise, set ¢y = 0. ]

IV. SIMULATION RESULTS

In this section, we study the potential of cooperative BS
doze for improving the EE through simulations. Unless oth-
erwise specified, the power consumption model of [1,4,9]
for LTE macro BSs is considered. The simulation setting
and power consumption parameters are shown in Fig. 2. We
assume that the considered three cells require the same per-RB
SE, i.e., SE/3, and each cell has two uniformly distributed
users with different SE requirements, which are respectively

BS2

MSs

BS3

Fig. 2. A CoMP system consisting of 3 coordinated cells with 10 MHz
bandwidth is simulated. The cell radius 7 is set to 250 m. The average receive
signal-to-noise ratio (SNR) of the users located at cell boundary is set to 10
dB. The path loss model is set as 128.1+37.6 logy d, where d is the distance
between the BS and the users in km. The shadowing follows lognormal
distribution with a standard deviation of 8 dB, and the small-scale fading is
flat Rayleigh fading. Each cell includes 2 uniformly distributed single-antenna
users. The BS is equipped with 2 antennas, with a maximum transmit power
of 40 W [1]. pspe = 5.8 W and pspp = 1.74 W [4], and the circuitry power
consumption in active mode is 252.46 W [1]. The circuitry power consumption
in idle mode is set to 10 W as an optimistic estimate in [9] and 150 W as
a conservative estimate in [1]. All the power consumption parameters are
measured for an LTE system with 10 MHz bandwidth [1,4,9]. For each
RB with W Hz bandwidth, 1/N power consumption is considered in the
simulations, where NW = 10 MHz. The backhauling power consumption is
50 W at the maximum rate of 100 Mbps [4], and the parameter a is set to
4.7 [1].

set as SFEop_1 : SEo, = 1 : 4 for MSq,_1 and MSy;, in the
b-th cell.

To evaluate the EE gain of cooperative BS doze, we also ap-
ply the proposed BS doze strategy to noncooperative networks.
In this case, inter-cell interference (ICI) exists among the cells,
which is modeled as AWGN to reflect the worst case of the
interference. Given the transmit power of interfering BSs, in
each cell the doze pattern, user scheduling and MU-MIMO
precoding can be computed with the proposed hierarchical
iterative algorithm by setting L = 1. Due to the existence
of ICI, the transmit power variation of one BS will affect the
transmit powers of other BSs because the specified QoS should
be guaranteed. Therefore, in Non-CoMP systems the BS doze
strategy needs to be optimized with one more hierarchical
iteration. Before the inner and outer iterations, all the BSs
need to update their transmit power iteratively.

A. llustration of BS Time-Slot Doze Pattern

In Fig. 3, the BS time-slot doze patterns under Non-
CoMP and CoMP transmission obtained from the proposed
hierarchical iterative algorithm are shown for various kinds
of traffics. We set T}, = 1 for all users with delay-sensitive
applications, and set 7j = 3 for all users with delay-
tolerant applications. When a mixture of delay-sensitive and
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Fig. 3. An example of Non-CoMP BS doze and cooperative BS doze, obtained by using the proposed hierarchical iterative algorithm for one channel realization
with SE = 1 bps/Hz, L = 3, and T' = 3. (a) Non-CoMP doze for delay-sensitive applications, (b) Non-CoMP doze for delay-tolerant applications, (¢) Non-
CoMP doze for a mixture of delay-sensitive and delay-tolerant applications, (d) CoMP doze for delay-sensitive applications, (¢) CoMP doze for delay-tolerant

applications, and (f) CoMP doze for a mixture of delay-sensitive and delay-tolerant applications.

delay-tolerant applications is considered for each cell, we set
To,—1 = 1 and Ty, = 3 for the two users located in the b-th
cell for b = 1,2, 3. Full data sharing is considered for CoMP
transmission.

When all users have delay-sensitive traffics, all BSs in the
Non-CoMP network should be active in all time slots (see
Fig. 3(a)). By contrast, only one BS remaining active in
each time slot is enough to provide service to all users in
the CoMP network (see Fig. 3(d)), since the traffic load is
low, e.g., SE =1 bps/Hz. When all users have delay-tolerant
traffics, both Non-CoMP and CoMP prefer to complete the
data transmission in one time slot and turn the BSs into
idle mode in other time slots (see Fig. 3(b) and Fig. 3(e)).
However, under Non-CoMP each BS needs to be active at
least in one time slot (see Fig. 3(b)), while under CoMP the
high SE and the BS cooperation allow one BS to remain idle
in all time slots and ask other coordinated BSs to help serve its
users (see Fig. 3(¢e)). When mixed applications are considered,
all the BSs in the Non-CoMP network have to remain active
for supporting the delay-sensitive applications, whereas BS
doze still works for the CoMP network (see Fig. 3(c¢) and
Fig. 3(f)).

B. Convergence and Optimality of The Proposed Algorithms

In Fig. 4(a) and Fig. 4(c), the convergence behavior of the
inner iterative weighted MMSE algorithm is shown, where
different initializations are considered. Fig. 4(a) considers T' =
1 and 7T, = 1 for all users. In this case, problem (17) is
convex for the given ¢ and hence the optimal value of the
objective function of problem (19) can be obtained. It is shown
that with the proposed inner iteration the objective function
decreases monotonically and converges to the global optimum.
Fig. 4(c) considers the case when problem (17) is non-convex
for the given ¢ with 7' = 3 and T}, = 3 for all users. Again
the convergence of the inner iteration can be observed, and
different initializations converge to the same value. With the
precoder obtained from the inner iteration, we calculate the
data rate achieved by MSy; in the ¢-th time slot, which is also
shown in the table inside Fig. 4(c). From the table we can
see the results of the implicit user scheduling, e.g., MS; is
scheduled only in the second time slot, while MS, is served

“(0” and “—" denote active and idle modes, respectively.
(a) x10° (b)
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o
-

&) R
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o 8t 0 0 |3.6000]7
‘g 4.7204 | 4.8350 | 4.8446
Q
.2 t
S of ; ; ‘ ‘
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Fig. 4. Convergence behavior and optimality of the proposed hierarchical
iteration algorithm with L = 3, Pec; = 150W and full data sharing for
CoMP. (a) Convergence behavior of the inner iterative weighted MMSE
algorithm, SE = 18 bps/Hz, T" = 1, T, = 1 for all k, and ¢y = 1
for all b, ¢t. (b) Optimality of the outer greedy dozing algorithm, 7' = 2 and
Ty = 2. (¢) Convergence behavior of the inner iterative weighted MMSE
algorithm, SE = 18 bps/Hz, T' = 3, T}, = 3 for all k, and g, = 1 for all
b, t.

in all time slots. The performance of the outer iteration, i.e.,
the greedy dozing algorithm, is evaluated in Fig. 4(b), where
L=3,T =2 and Tj, = 2 for all k. It shows that the greedy
dozing algorithm performs very close to the exhaustive search
through 2% possible candidates of q.

C. Impact of CoMP Transmission on Energy Saving

In Fig. 5 the power consumption breakdown for CoMP
and Non-CoMP is depicted, where 7, = 1 is considered
for all k to highlight the impact of CoMP transmission. In
this case, all BSs need to be active in Non-CoMP systems.
We consider one channel realization and obtain every part of
power consumption in (11) with the obtained precoder, where
full data sharing among the BSs is considered for CoMP.

The results help understand the reason of why cooperative
BS doze can save energy. It is shown that the circuitry power
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Fig. 5. Power consumption breakdown for CoMP and Non-CoMP transmis-
sion with L = 3, T' =1, T}, = 1 for all k, SE = 1.5, 3 and 5 bps/Hz,
Pec,; = 150W and full data sharing for CoMP. Transmit power consumptions
depend on the BS time-slot doze patterns and the required SE, which are less
than those required for the full load Non-CoMP and CoMP systems (With
the considered power consumption model, the transmit power respectively
accounts for about 40% or 35% of the total power consumption of a full load
Non-CoMP or CoMP BS.).

consumption occupies a large portion of the overall power
consumption, which calls for the BS doze. For instance, to
achieve the per-RB SE of 1.5 bps/Hz, CoMP transmission
enables one BS to operate in idle mode and all 6 users to
be served by other two BSs. Although this leads to more
transmit power consumption than Non-CoMP transmission,
the increase of transmit power is much less than the decrease
of circuitry power. When the SE is high so that all BSs need to
be active, e.g., SE = 5 bps/Hz, the spectrum efficient CoMP
can save more transmit power than Non-CoMP owing to the
avoidance of ICI.

The gain of CoMP on saving the transmit power and
circuitry power consumptions comes, however, at a cost of
increased signal processing power and backhauling power con-
sumptions. For example, CoMP consumes even more overall
power than Non-CoMP when SE = 3 bps/Hz. The benefits
and the cost of CoMP can be traded off by the partial data
sharing among BSs as shown in the sequel.

D. Impact of Partial Data Sharing on Energy Saving

In Fig. 6 we analyze the EE of cooperative BS doze under
various data sharing strategies, where L = 3 and 7' = 3. To
show the impact of QoS requirements, we consider a mixture
of delay-sensitive and delay-tolerant applications by setting
the user with low data rate requirement in the b-th cell (i.e.,
MSso,—1) as a delay-sensitive user with 75,1 = 1 and the
high-rate user MSg;, as a delay-tolerant user with T, = 3.
Except for full data sharing and no data sharing, two other
strategies that share only the data of delay-sensitive users
and only the data of high-rate users are also considered. For
each data sharing strategy, the EE can be computed based on
(12). Since the backhauling power consumption has a large
impact on EE, whose value depends on the employed backhaul
technology [22], we consider different values of pyy,.

SE =11bps/Hz

EE (bits/Joule)

0 40 80 120 160
Maximum backhauling power py;, (W)

Fig. 6. Impact of data sharing on EE of cooperative BS doze with L = 3,
T =3, SE = 6,11 bps/hz, and T}, = {1, 3}. The results of “Delay-sensitive
data sharing” and “No data sharing” are not shown when SE = 11 bps/Hz,
because they cannot support the SE under the PBPC.

Since there is a delay-sensitive user in every cell, when
no data is shared among the BSs, all BSs need to be active
all the time to provide service to the users. When circuitry
power consumption dominates the total power consumption,
i.e., for lower SE (e.g., SE = 6 bps/Hz), sharing data of
delay-sensitive users provides the possibility of cooperative
BS doze and avoids the large backhauling power consumption,
and hence achieves the highest EE. On the other hand,
when transmit power consumption dominates the total power
consumption, i.e., for high SE, sharing data of high-rate users
is helpful to reduce transmit power consumption. For instance,
the SE of 11 bps/Hz cannot be supported by only sharing the
data of delay-sensitive low-rate users because the maximal
transmit power per BS is constrained, but it can be achieved
by sharing the data of high-rate users. Moreover, only sharing
the data of high-rate users can provide higher EE than full
data sharing due to the reduction of signal processing and
backhauling power consumptions.

E. SE-EE Relationship of Cooperative BS Doze

In Fig. 7, we show the relationship between SE and EE
of cooperative BS doze. Since both CoMP and delay-tolerant
traffics can provide opportunities for BS doze, we consider the
following four strategies to distinguish their impacts on energy
saving. One baseline strategy is Non-CoMP transmission that
simply regards all users as delay-sensitive applications such
that a constant data rate is provided in every time slot, which is
denoted by “Non-CoMP, ignore delay tolerance” in the legend.
Another baseline strategy is Non-CoMP transmission that
exploits the delay tolerance, i.e., Non-CoMP BS doze, denoted
with legend “Non-CoMP, consider delay tolerance”. Similar
strategies are compared for CoOMP transmission. We consider
a mixture of delay-sensitive and delay-tolerant applications as
described in the previous subsection. Both full data sharing
and only delay-sensitive low-rate data sharing are considered
for CoMP.



294 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 32, NO. 2, FEBRUARY 2014

10|

=2
T

EE (bits/Joule)

—&— CoMP, consider delay tolerance, partial data sharing
—A— CoMP, consider delay tolerance, full data sharing
—@— CoMP, ignore delay tolerance, full data sharing
~—&— Non—CoMP, consider delay tolerance

~——E&— Non—CoMP, ignore delay tolerance

0 3 6 9 12 15
Per—RB SE (bps/Hz)

Fig. 7. SE-EE relationship for cooperative BS doze, L = 3, T" = 3 and
T, = {1,3}.

It can be observed that compared with Non-CoMP, CoMP
transmission supports much higher SE under the same transmit
power constraint. For Non-CoMP, considering delay tolerance
can reduce the transmit power consumption by adjusting the
data rates in different time slots rather than using a constant
data rate. However, the EE improvement is marginal because
there is a delay-sensitive user in each cell, which forces all
BSs to operate in active mode in all time slots. For CoMP,
to ensure the QoS of the delay-sensitive user in each cell,
at least one BS should be active in each time slot. When
the SE is very low, one active BS is enough to support the
services, so that exploiting the delay tolerance of other users
cannot turn more BSs into idle mode. When the SE is high,
most BSs should participate the cooperative transmission, so
that exploiting the delay tolerance for BS doze contributes a
minor EE gain. When the SE is medium, if the delay tolerance
is taken into account for optimization, the high-rate delay-
tolerant users will be served by only few BSs in few time
slots with the spectrum efficient CoMP technique, and the
low-rate delay-sensitive users will be served by few BSs in
each time slot. By contrast, if ignoring the delay tolerance,
more BSs need to be active in each time slot to serve both
the delay-sensitive and delay-tolerant users. This leads to a
large increase of circuitry power consumption and hence a
noticeable performance degradation compared with the cases
considering delay tolerance.

Another observation is that the EE increases with the SE.
There does not exist an SE-EE trade-off region, as shown in
many existing results in the literature, e.g., [23]. This arises
from the simulation setting: both the system configuration and
the power consumption model are for LTE macro BS. Under
such a simulation setup, all the considered systems operate in
the circuitry power consumption dominant region. In such a
scenario, if the SE requirement of the systems is high, i.e.,
more users need high data rate transmission, the EE of the
CoMP system will be also high. The same is true for Non-
CoMP systems, which however can only support a maximal
SE of 5 bps/Hz.

120 T T T
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Fig. 8. EE gain of cooperative BS doze over Non-CoMP BS doze, L = 3,
T = 3 and Ty, = {1,3}. The per-RB SE higher than 5 bps/Hz cannot be
supported by Non-CoMP transmission.

When the delay tolerance is ignored, CoMP does not
necessarily outperform Non-CoMP in term of EE, depending
on the value of idle circuitry power consumption. To observe
their relationship more clearly, in Fig. 8 we show the EE gain
of CoMP over Non-CoMP, defined as the ratio of the EE
difference between CoMP and the case “Non-CoMP, consider
delay tolerance” to the EE of the Non-CoMP case. It is shown
that if ignoring the delay tolerance, CoMP will be inferior to
Non-CoMP for high SE and with large value of F.;, e.g.,
FPe..i = 150 W. Nevertheless, if considering the delay toler-
ance, CoMP will always provide higher EE than Non-CoMP
for any required SE. The EE can be further improved when
the judiciously designed data sharing strategies are employed.
If the idle circuitry power consumption can be significantly
reduced (e.g., Pec; = 10 W), which is challenging but not
impossible [9], up to 40-100% EE gain can be achieved
depending on the required SE.

V. CONCLUSIONS

In this paper, we studied the potential of CoMP transmission
for improving the EE of downlink cellular networks, by
optimizing a cooperative BS doze strategy. A CoMP system
not only achieves high SE, but also provides high EE when
we effectively exploit the short-term traffic fluctuations in
the network as well as judiciously allocate the abundant
network spatio-temporal resources to accommodate the traffics
with various delay and data rate requirements. A unified
framework was developed to jointly optimize the BS time-slot
doze pattern, user scheduling and cooperative precoding with
different amount of data sharing that maximizes the network
EE with guaranteed QoS requirements for different traffics.
A hierarchical iterative algorithm was proposed to reveal the
potential of cooperative BS doze.

Simulation results showed that despite of suffering from the
increased signal processing and backhauling power consump-
tions, cooperative BS doze can improve the EE significantly
thanks to the increased idling opportunities, i.e., the increased
number of idle time slots due to the high achievable SE and the
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increased number of idle BSs due to the flexible user access
provided by CoMP transmission. The EE gain can be further
enhanced by advanced data sharing strategies. Sharing the data
of delay-sensitive services can create more idling opportunities
and save more circuitry power consumption, while sharing the
data of high-rate services can reduce transmit power consump-
tion through cooperative transmission. If the delay tolerance is
ignored, CoMP does not necessarily outperform Non-CoMP
in term of EE, depending on the value of idle circuitry power
consumption. If we exploit the diverse QoS demands and the
dynamic traffic features, cooperative BS doze will provide
both higher EE and higher SE than the Non-CoMP BS doze,
and the EE increases when the required SE grows under
the prevalent system setting. For the practical hybrid traffic
scenarios with delay-sensitive and delay-tolerant applications,
the cooperative BS doze strategy achieves much higher SE and
provides an EE gain up to 40-100%. Although the gain may
reduce if the backhaul links among the coordinated BSs are
noisy and with high latency, the great potential of cooperative
BS doze for improving the EE motivates further study in
feasible solutions in future work.

APPENDIX A
PROOF OF THE EQUIVALENCE BETWEEN (17) AND (18)
WITH GIVEN ¢

Proof: Let v and Sy denote the receive filter at MSy
and the scalar weight for the MSE of MS;’s data in the ¢-th
time slot, respectively. The MSE of MS;’s data stream can be
obtained from (1) as

ent = B{|vgyre — ore|*}

K
=1—2R{v;;hfwy} + (Z|h§jwjt|2 + 02> loge |2, (21)
j=1

where the expectation is taken over the data and noise, (-)*
denotes the complex conjugate, and 3{-} denotes the real part
of a complex number.

Since problem (18) is respectively convex over v and [,
given other variables, the optimal vy; and S can be obtained
by the stationary principle of the Lagrangian function, i.e.,
setting the first order derivatives of the Lagrangian function
to zero, which are

H
hk Wit

> Ihff w2 + o2

(W) =
(22)

Substituting vy, (w) in (22) into (21), the minimum MSE
can be obtained as

|thWkt|2

e Iffwyel? + o2

e (w)=1-— (23)

With (22) and (23), the constraints (18b) can be written with

and Bp,(w,v) = ¢, Ykt

respect to Wi as

—1

Z 1—1log, [1— Lk

e K
el >im [hH w2 4 o2

|thV"kt|2

=T — log, | 1+

tezskg > ik B W ]2 4 02

By,

=Ty —log,2- Y Ri < Ty —loge2-At—W (24)

tGSkg

forg=1,...,Gr and k =1,..., K, which are equivalent to
the constraints (15b). By discarding the constants in (17a) for
a given ¢, problem (17) and problem (18) are equivalent and
yield the same globally optimal solutions. [ ]
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