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In order to minimize the amount of energy consumption at the user equipment (UE) level, the 3rd
Generation Partnership Project (3GPP) presented in the Long Term Evolution (LTE) an approach called
discontinuous reception (DRX). Nevertheless, existing models for the LTE DRX and their extension to
scenarios that support carrier aggregation (CA) and multi-stream carrier aggregation (MSCA) have sev-
eral drawbacks. In this paper, we utilize a semi-Markov Chain to model the operation of the LTE DRX and
characterize its performance metrics. Then, we exploit the new features introduced in LTE Advanced
(LTE-A) to develop a novel cross-carrier-aware DRX for scenarios that support CA and MSCA since the
energy consumption in such scenarios can be significantly higher and existing techniques simply reap-
plied the traditional DRX scheme. We present a detailed examination of our DRX solution along with the
analytical expressions of its performance metrics. The accuracy of our modeling approach for both the
classical and our novel LTE DRX is validated through extensive simulations across a wide range of
parameters. We evaluate the performance of our cross-carrier-aware DRX solution and show that it can
significantly outperform the classical one, especially under a low tolerable delay. In addition, we also
show the effects of implementation-dependent power levels on the performance of our cross-carrier-

aware DRX.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In addition to improving the energy efficiency of the hardware
components, one of the core approaches in LTE to decreasing the
energy consumption at the UE is the use of DRX (3GPP, 2013).
Initially introduced by 3GPP in UMTS and later in LTE, it mainly
focuses on allowing the UE to switch off most of its circuitry when
no traffic is exchanged with the base station (BS). As a result, the
UE can minimize the energy consumption during the “sleep”
periods and maximize its on-board energy utilization. Always
aware of the UE DRX state, the BS keeps the received packets while
the UE is “sleeping” and sends them once the UE “awakes”. The
aforementioned packets undergo an additional delay, particularly
detrimental in delay-sensitive traffic. Therefore, it is essential to
choose the optimal values for the DRX parameters that maximize
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the energy savings without sacrificing the delay metrics. These
values can only be optimally selected when there is a clear
understanding of their impact on the DRX performance.

The performance of the LTE DRX has been previously studied in
the literature, but with several simplifying assumptions that
severely hinder the applicability of the results.

1. It is commonly assumed that the packet arrivals, departures, the
service of a packet, and many other events can occur at any time
(Zhou et al., 2008; Bontu and Illidge, 2009; Jin and Qiao, 2012).
While this assumption allows for simplified formulations, it is
not valid for all events. In particular, in LTE, when a packet
arrives during a given subframe, it cannot be scheduled or sent
during that same subframe since the scheduling grant for that
subframe was previously sent during its first one to three OFDM
symbols (3GPP, 2011, 2014). Therefore, such packet must wait at
least until the start of the next subframe to be scheduled. Thus,
the previously described assumption leads to
e The underestimation of the time needed to empty the buffer,
e The underestimation of the time spent waiting for a sche-

duling grant from the BS, and
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o The overestimation of the energy savings.

2. Itis commonly assumed that the packet inter-arrival and service
times follow an exponential distribution (Zhou et al., 2008;
Bontu and Illidge, 2009; Jin and Qiao, 2012; Zhang et al., 2011;
Zhou et al., 2013; Lee et al.,, 2013; Wang et al., 2012; Jha et al.,
2013; Koc et al, 2014). As before, such assumption allows
simplified formulations, but cannot be readily extended to cases
where different probability distributions appear.

3. Some DRX parameters, such as the OnDurationTimer, have not
been taken into account to simplify the formulation (Zhou et al.,
2008; Bontu and Illidge, 2009; Jin and Qiao, 2012).

4. The existing literature has focused on analyzing the delay
experienced by packets that arrive at the BS while the UE is
“sleeping” and disregarded the effect that the buffered packets
have on the ones that arrive after the “sleep” period ends. This
leads to an incomplete characterization of the DRX impact on
the packet delay.

With the CA and MSCA availability (Akyildiz et al., 2014), an
LTE-A UE can employ up to five component carriers (CCs) simul-
taneously, each one of up to 20 MHz, to connect to one or more
BSs. Compared to LTE, such CA consumes as much as five times
more energy. In order to reduce the energy consumption, the LTE-
A UE still maintains the use of DRX as the most viable option.
However, the current literature on LTE-A DRX tends to follow one
of the two approaches: (a) assign the same parameters to all CCs,
or (b) choose a different parameter for each individual CC (Zhang
et al., 2011; Zhong et al.,, 2011; 3GPP, 2013). The first option is
simple, but inefficient and gives no flexibility, since all CCs are
active, regardless of traffic transmitted. The second option does
provide flexibility per CC, but lacks the cross-carrier awareness
between the BS and the UE.

In this paper, we focus on mitigating the aforementioned
drawbacks of the LTE-A DRX by presenting a novel solution, a
cross-carrier-aware DRX. We leverage the newly introduced LTE-A
features of cross-carrier resource assignment and signaling-
reduced CCs. The solution we propose notably reduces the
amount of energy consumed among all CCs by permitting them to
enter into a “deep sleep” mode, selectively prompting their reac-
tivation, and supporting different DRX parameters for each CC. In
addition, we incorporate in our new DRX approach the current
3GPP specifications regarding the use of cross-carrier resource
assignment. To develop our cross-carrier-aware DRX, we first
design and analyze accurate models that address the limitations of
existing modeling approaches of the classical DRX and its
achievable energy savings. We build on these models to create a
new one for our cross-carrier-aware DRX solution.

The rest of this paper is organized as follows. In Section 2, we
introduce and analyze the operation of the LTE DRX. In particular,
in Section 2.1, we describe a semi-Markov Chain model to analyze
the LTE DRX. The stationary probability and the holding time of
the states in such model are analyzed in Sections 2.2 and 2.3,
respectively. The performance metrics are then characterized in
Section 2.4. Then, we introduce our cross-carrier-aware DRX in
Section 3. In particular, in Section 3.1, we present a semi-Markov
Chain model to analyze our proposed solution. Then, the sta-
tionary probability and holding time of its states are analyzed in
Sections 3.2-3.4, respectively. In Section 3.5, we characterize the
performance metrics of our proposed DRX scheme. In Section 4,
we first validate the accuracy of our analytical approach and then
compare the performance of our cross-carrier-aware DRX against
that of the classical DRX. Finally, we present the conclusions
in Section 5.

Short DRX

Contlnuous

Receptlo

Long DRX

Fig. 1. LTE DRX finite state machine.

2. Classical DRX analysis
2.1. DRX model

The basic operation of DRX in LTE can be captured as a finite
state machine (FSM) model, as seen in Fig. 1. While the BS is
actively sending packets to the UE, the latter is in a continuous
reception state (CRS). When the packet transmission from the BS is
interrupted, the UE remains waiting for additional packets for a
duration controlled by an inactivity timer. During this inactivity
period, the UE actively monitors the physical downlink control
channel (PDCCH) from the BS, looking for a scheduling grant. If the
UE receives such grant before the timer expires, it returns to the
CRS; otherwise, the UE starts a short DRX cycle (SDC). Such cycle is
divided into two parts: an “on” period controlled by an “on” timer,
and a “sleep” period. If the UE receives a scheduling grant from the
BS before the “on” timer expires, it returns to the CRS. Otherwise,
it transitions to the “sleep” state, where it can turn off most of its
circuitry to reduce its energy consumption. The BS is always aware
of the DRX parameters of the UEs; therefore, if any packet inten-
ded for a given UE arrives while that UE is in a “sleep” state, the BS
buffers the packet and sends it to the UE once the latter “awakes”.
If no packets are awaiting at the BS for the UE by the time it
“awakes”, the UE starts a new SDC. While the UE receives no
scheduling grant, it repeats up to N SDCs. If by the end of the N-th
cycle the UE has not received a scheduling grant, it transitions to a
long DRX cycle (LDC). The difference between the two cycles is the
duration of the “sleep” period, which is greater in the LDC; thus,
the LDC further reduces the energy consumption. The UE repeats
the LDC until a scheduling grant arrives from the BS and triggers a
transition to the CRS.

There are three important features in this FSM model. First, the
amount of time spent in each state varies among them. For the
“sleep” period, such time is fixed, while for the rest of the states it
is a random variable. Second, the SDC is repeated up to N times
before the LDC is reached. Thus, memory is required to track the
number of SDCs previously executed. Third, it is possible to reach
the CRS from every other state. However, the amount of time spent
in the CRS depends directly on the previously executed state. As a
result, the DRX operation cannot be directly modeled as a typical
Markov Chain and requires an expansion beyond the FSM model.

We use a discrete semi-Markov Chain (SMC) with late arrival to
model the DRX operation, as shown in Fig. 2. The description of
each state is shown in Table 1, and the transitions are controlled
by the parameters in Table 2. In a discrete late-arrival model, a
packet that arrives to the BS during a given subframe x cannot be
sent immediately to the UE; instead, it must wait at least for the
next subframe x+1 to be scheduled by the BS.

We made three important considerations. First, rather than
using a single state to model the continuous reception, we utilize
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Fig. 2. LTE DRX semi-Markov Chain model.

Table 1
LTE DRX states description.

State Description

B Inactivity period
Soi “Sleep” period of the i-th SDC
S2i_1 “On” period of the i-th SDC

Gy “On” period of the LDC

Gy “Sleep” period of the LDC

A; Continuous reception states
Table 2

LTE DRX parameters.

Parameter Description

T, Inactivity period length
Ty Short DRX cycle length
T, Long DRX cycle length

N Number of SDCs

Ton “On” period length

four different states. The reasoning behind this approach is that
the amount of time spent in continuous reception depends
directly on the previously executed state. The four possible pre-
viously executed states are “on”, “inactivity”, “SDC sleep”, and
“LDC sleep”. Second, we used A to represent the CRS that follows
the “on” state of the SDCs and LDCs. This is possible because the
number of packets that are expected to be transmitted during
continuous reception if any of these DRX cycles is interrupted
during the “on” state is the same. Third, A; and A, can be merged
into a single state following a similar argument as above. Never-
theless, we have chosen to avoid merging them, so we can better
demonstrate the mapping between the DRX operation and the
SMC model.

2.2. Stationary probability — embedded Markov Chain

Here, we present the calculation of the stationary probabilities
of the embedded Markov Chain (EMC), which are required to
calculate the performance metrics of the DRX.

Utilizing the notation py, for the transition probability from
state U to state U’ and 7y for the stationary probability of state U in
the EMC, the stationary probabilities 7 of the EMC follow these
relationships:

4

g = Z p, TGy = TSy Ds,y 6, + 76, PG, 6,0 (1a)
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which can be plugged into Eq. (2) to obtain the stationary prob-
abilities of all the states of the EMC model.

To find the actual values of the above expressions, we need the
transition probabilities, which depend on the BS packet arrival
model, probability distribution, and the service discipline. For the
latter, we consider that the BS has a separate and infinite buffer for
each UE, a common assumption in the existing literature. Thus, the
rest of the analysis focuses on the DRX operation for a single UE.
For the packet arrival model, we utilize a late-arrival model
(Takagi, 1993). For the packet arrival distribution, we consider that
the number of packets that arrive at the BS during successive
subframes constitutes a sequence of independent and identically
distributed (i.i.d.) random variables. Considering such distribution
to be i.i.d. allows us to capture a wider range of scenarios than just
considering an exponential inter-arrival time. We use A to denote
the number of packets that arrive in one subframe. The probability
mass function (PMF) of A is defined as

AMk) £ Prob{A=k}, k=0,1,2..., (5)

and its mean value is defined as A £ E{A}, where E{A} denotes
the expected value of A. We denote as X the service time (in
subframes units) of a single packet; its PMF is defined as

b)=Prob{X =1}, 1=12,..., (6)

and its mean value is defined as b £ E{X}.

Having the arrival model, the service discipline, and the PMF of the
packet arrivals and the service time, we proceed to characterize the
transition probabilities. To achieve this, we (a) apply the conditions
that trigger each transition, as described in Section 2.1, and
(b) consider that the probability of a BS receiving no packets in a time
period of length v is equal to [/1(0)]" since the number of packet
arrivals in successive subframes constitutes a sequence of i.i.d. ran-
dom variables. Hence, the probability that the BS receives at least one
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Having the transition probabilities, we plug them into Eqgs. (3) and (4)
and obtain
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In addition to the stationary probabilities of the EMC, the mean
amount of time spent in each state is also needed to compute the
performance metrics.

2.3. Holding time

The holding time Hy of a state U represents the mean amount
of time spent in such state. The states corresponding to “sleep”
periods have a deterministic holding time, since the length of the
“sleep” periods is a constant:

Hs, =T3—Ton, ie[l,N], (10a)

Hg, =T, —Ton. (10b)

The holding time of the “on” periods and the inactivity period can
be calculated as follows. Consider the maximum length of any
such period to be equal to v, and the amount of time spent in it to

be L. Then, the PMF of L is
[A0)" ' (1-40)) :0<i<v

v R 11)
(20"

Prob{L =i|v} = { .
ti=v

i.e, L=1i,i<v, if no packets are received in the first i— 1 subframes

and at least one packet arrives during the i-th subframe. L=v if no

packets arrived during the previous v—1 subframes, regardless of

whether a packet arrives in the last subframe or not. Taking the

expected value of L, we obtain:

1-[40)]"
1-4(0)

For the “on” periods, v=To, and for the inactivity period, v=T,.
Hence,

H=E{L|v}= 12)

1—[A0)]"

HSZi—l :E{L‘V:Ton}:]——/l(o)’ ie[l,N], (13a)
1—[A0)]""
Hg, =E{L|v="Ton) =70 (13b)
Hp=E{L|v=T }—M (13¢c)
B= =las= ]_1(0)

States A; through A, correspond to a busy period in queuing
theory terminology (Takagi, 1993), from which it follows that if a
busy period A starts with R4 packets in the buffer, its duration L has
a mean value of

b
EULIRA) =Rag (14)

where p = bA. Thus, applying the law of total expectation,
b

E{L} = E{{LIR4}} = E{R4}5 s

15)

w _1-[40)] NTT”
1-[A0)]"
+ (Ha, —Ha,) (1 — [A©)] ! )} +[40)]V" Ha,
4(0)] NT,
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Hy+ (1= [40)]" )Hy,
[0 '

[Hs, +Hs, [A©)] ™~

+ (1[40 )y, + |H, +He, [20)] ™!

+(Ha, —Ha,) (1- 4O )] +

(16)

Hence, to obtain the holding time of the states A;,i [1, 4] we need
the expected value of the number of packets in the BS buffer when
each state starts. This quantity can be obtained as follows. Con-
sider F to be the number of packets received by the BS during time
v, and Q to denote F conditioned on at least one packet arrival. As a
result,

Prob{F =k|v} k>0
Prob{Q =k|v} ={ T_Prob{F=0]v} " =, (17a)
0 k=0
_ E{F|v}
E{Q|V}—m- (17b)

Since F is the sum of v random variables A, E{F|v} = VE{A} =vA. In
addition, Prob{F = 0| v} = [4(0)]" since it represents the probability
of no packet arrival in v subframes. With the previous expressions,
we obtain

E{Q|vi=4

v
— 18
GO (18)
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E{Q|v} represents the expected number of packets buffered at the
BS after v subframes, given that at least one packet arrives.
This expression allows us to obtain R4, for each state A; since each
one is entered when the BS has received at least one packet during
a given number of previous subframes. Specifically, E{Rs}=
E{Rs,) =E{QIv=1), E{Rs,) =E{Q|V=T,~Ton+1}, and E{Ra,}=
E{Q|v=Tg—Ton+1}. Hence, the holding times of A;, Az, A3, and A4
are, respectively,

b P 1

HA1=E{RA1}1_p=@1_M(O)], (19a)
i =E{RA2}1EP=%1_ []Mm]’ et
Ha, =E{RA3}1fp=%l_T[;(;)T]‘;jfﬁM, (19¢)
Ha, = E{Ra, )1 5=, 1_3(;))??,‘}31“”. (19d)

Having the holding time of each state, we proceed to obtain the
performance metrics.

2.4. Performance metrics

The two main performance metrics associated with DRX are
the amount of energy saved and the packet delay.

2.4.1. Energy savings
In general, the energy savings depend on the amount of time
spent in the “sleep” and “non-sleep” periods and the respective
amount of power consumed during each one. Since the latter
depends on the actual implementation, in our work we utilize the
amount of time spent in the “sleep period” as an implementation-
independent proxy metric for the energy savings. This value is
obtained from the stationary probabilities of the SMC, which we
derive from the stationary probabilities of the EMC, Egs. (9a)-(9f).
For any state U, whose stationary probability in the EMC is &y
and whose holding time is Hy, the stationary probability 7y in the
SMC is
~ ﬂuHU
u >vumuvHy' @0)
Then, the energy savings 74 and 7, provided by the short and long
DRX, respectively, are
N
T/j = ﬁ'szp
i=1

T, =g, 1)

Replacing the expressions for the holding time and the stationary
probabilities of the EMC, 74 and 7, become

_1 1= O™ ) 0T
5= W(T/} —Ton) 1 [/1(0)] T, M(O)] > (22a)
1 (A0 Ton—1
LY U O ) B ST L 22b

where ¥ is expressed in Eq. (16). Then, the total energy savings 7
become

T=T5+Ty. (23)

If in a given implementation, the power consumption during
the “non-sleep” and “sleep” states are Ppax and cgPrmax (0 <cp < 1),
respectively, then the implementation-dependent energy savings

are
(1—co)r. (24)

2.4.2. Delay

To calculate the expected value E{I'} of the packet delay, also
called waiting time in queuing theory terminology, we need to
compute (a) the expected value of the delay W;, ie[1,4] experi-
enced by the packets sent in A;, i€ [1,4], and (b) the probability of
a packet being sent in each of those states. To compute the delay,
we utilize the results from queuing theory establishing the
expected value E{W} of the packet waiting time in a system with
vacation (Takagi, 1993). In such context,

NEX?}+bEAY —p(A+1) Ev(v—1)}
221 -p) 2E{v} °

where v is the length of the vacation, the first term represents the
waiting time in a system without vacation, and the second term
represents the residual life of the vacation time. In the context of
DRX, v corresponds to the amount of time during which the BS
buffers packets before entering a CRS. Therefore, v is a determi-
nistic value equal to 1 for A; and Ay, T, —Ton+1 for As, and Ty —
Ton+1 for A4 It then follows that

E(W|v} =

(25)

APE(X?}+DEAY —p(A+1)

E(W1) =E(Wa) = Sid—) , (263)

E(Ws) = E(W, )+ 2 Ton _2T (26b)
Tp—Ton

E{W4} = E(W1}+ (260)

2

We now proceed to compute the probability of a packet being
sent from state A;. First, we denote by R, the number of packets
sent during A;. By Little's theorem,

. Hy,
E{R } =5~ @7)
Then, the probability of a packet being sent from A; is
Prob(y = A;) = — AL R 7aHa (28)

Sy maERyY Sy maHy

where Y denotes the state from which the packet is sent. Now,
applying the law of total expectation, we have that

4
E{I'y=E{E{I'|Y}}= Y E{I'|Y =A;}Prob{Y = A}
i=1

4
= > E{W;}Prob{Y =Aj;}. (29)
i=1

After further simplification, the above expression becomes
(Ty —Ton)7wa, E{Hp, } +(T g —Ton)7wa, E{Ha,}
257 maE(Hy}

As mentioned previously, the first term represents the waiting

time in a system with no vacation/DRX. Hence, the second term
denotes the additional waiting time caused by the use of DRX.

E{I'} =E(W1}+

: (30)

3. Cross-carrier-aware DRX analysis

In a scenario supporting CA or MSCA, the cell that handles the
radio resource control connection (3GPP, 2014) is called the pri-
mary cell (PCell), which is served by a primary component carrier.
If a UE supports multiple CCs, then secondary cells (SCells) can be
added to the user's set of serving cells. The cross-carrier awareness
arises from the fact that the medium access control (MAC) (3GPP,



48 E. Chavarria-Reyes et al. / Journal of Network and Computer Applications 64 (2016) 43-61

(1)PDCCH for CC1  (2) PDCCH for CC2 (3) PDCCH for CC1  (4) PDCCH for CC3

[) . [) .
i Continuous | | Continuous
CC1 Hl Reception Sezp | \Sleep 5 Qeception
Continuousj |
cC2 Deep Sleep Reception Sle}) Sleep
CC3 Deep Sleep Gl Sleep
Reception

Time:

Fig. 3. Cross-carrier-aware DRX operation.

2013) is exposed to the multi-CC nature of the physical layer, even
though the radio link control (3GPP, 2010) and the packet data
convergence protocol (3GPP, 2013) are unaware of such nature. To
exploit the cross-carrier awareness, we employ the same- and
cross-carrier scheduling methods supported at the MAC layer. The
same-carrier method corresponds to the scheme used for LTE. The
cross-carrier method allows the BS to use a particular CC to assign
resources contained in a different CC. However, there are certain
restrictions. First, only the PCell schedules its resources. It does so
through the PDCCH. Second, cross-carrier scheduling only applies
when the PDCCH of an SCell is not configured. As a result, a CC
whose resources are allocated through cross-carrier scheduling
cannot have its own DRX parameters. Conversely, a CC that has its
own PDCCH and, therefore, its own DRX parameters, cannot be
scheduled by the PCell through cross-carrier scheduling. We now
describe our cross-carrier-aware DRX that accounts for the afore-
mentioned constraints and provides improved performance com-
pared to the traditional DRX.

The basic concepts behind our cross-carrier-aware DRX are
captured in Fig. 3, which depicts the operation of a UE with three
CCs, where CC1 represents the PCell as an anchor CC and the rest
of CCs as SCells.

Event 1. At the UE, the anchor CC receives a PDCCH indicating
that the upcoming subframes in CC1 contain data. Following the
traditional DRX behavior, CC1 enters a CRS until no more data is
received and then returns to “sleep”. While CC1 performs the
aforementioned steps, CC2 and CC3 remain in a “deep sleep” state
(DSS) since no data has arrived for them. In contrast to the tradi-
tional LTE DRX “sleep states”, the DSS in our proposed solution
does not require CC2 and CC3 to “wake up” to check if a PDCCH has
arrived. Thus, our solution has a greater potential to save energy.

Event 2. Similar to the concept of cross-carrier scheduling, we
propose the use of a cross-carrier DRX activation. For example,
once the UE “wakes up” its anchor CC to listen for the presence of a
PDCCH, such UE identifies whether a PDCCH indicates subsequent
data in the anchor CC or in an SCell. In event 2, the PDCCH indi-
cates subsequent data in CC2. Therefore, the UE “wakes up” CC2
from the DSS so that it can receive the upcoming data, while
allowing CC1 to go back to its normal “sleep” state. Because of the
synchronization and timing differences between CC1 and CC2, the
activation of the latter is delayed, and so is the packet reception.
This delay is the penalty that our system incurs for providing the
energy savings of the DSS. In event 2, we also observe that the
proposed cross-carrier activation is selective, e.g., only CC2 is
activated, leaving CC3 in the DSS. Another feature of our proposed
solution is the ability to set per-carrier DRX parameters. For
example, once CC2 is activated as a result of event 2, we allow for
CC2 to utilize its own DRX parameters, which may be completely
different from the ones of CC1, and thus can be optimized to the
characteristics of the traffic carried over CC2.

Events 3 and 4. At the UE, the anchor CC receives two PDCCH.
The first and second PDCCH indicate that the upcoming subframes
in CC1 and CC3, respectively, contain data. Therefore, both CCs
then enter a CRS. We observe that the operation of CC2 is not

Short DRX

Inactivity

Continuous Reception ™ _I Short
&Inactivity Period L _ DRX

Fig. 5. Cross-carrier-aware DRX semi-Markov Chain model for SCell.

affected by the DRX events of CC1 since at this point CC2 is fol-
lowing its own DRX parameters. As in event 2, once CC3 enters the
CRS, it follows its own DRX parameters, which can be different
from the ones of CC1 and CC2.

3.1. Cross-carrier-aware DRX model

As previously described, the anchor CC in our proposed cross-
carrier-aware DRX follows the traditional LTE DRX operation and
supports the cross-carrier-aware DRX operation of the SCells. Such
support does not affect the DRX operation of the anchor; therefore,
its analysis and performance metrics correspond to the ones pre-
sented in Section 2. In this section, we focus on the analysis of the
cross-carrier-aware DRX operation of a single SCell. Such operation
is captured as a finite state machine (FSM) model in Fig. 4. Com-
pared to the FSM of the traditional LTE DRX, depicted in Fig. 1, the
one in Fig. 4 does not have an LDC that may be repeated any
number of times; instead, it has a single entrance to the DSS and a
subsequent exit only to the CRS. The exit transition from the DSS is
triggered by the events occurring at the anchor CC.

As discussed in Section 2.1, the DRX operation cannot be
directly modeled as a typical Markov Chain using the FSM of Fig. 4.
We use an SMC with late arrival to model the cross-carrier-aware
DRX operation of the SCell, as shown in Fig. 5. The description of
each state is shown in Table 3. Even though the DSS is represented
in Fig. 5 as a single state V5, it encompasses a group of states that
captures the events occurring at the anchor while the SCell is in
the DSS.

Rather than using a single state to model the continuous
reception, we utilize nine different states. The reason for this
approach is that the amount of time spent in continuous reception
depends on the SCell state at the moment that the packet trig-
gering the continuous reception arrives at the BS. F;,ie[1,3] are
used when such packet arrives when the SCell is in the “inactiv-
ity”, “on”, and SDC “sleep” state, respectively. From Fig. 5, we also
observe that state V, leads to each of the five CRSs F;,i € [4,9]. This
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Table 3
Cross-carrier-aware DRX states description.

State Description

R Inactivity period

Yy ie[1,M] “Sleep” period of the i-th SDC
Yyi_1ie[1,M] “On” period of the i-th SDC

Vi “On” period preceding the DSS
Vs DSS

Fiie[l,9] Continuous reception states

Table 4
Cross-carrier-aware DRX parameters for
the SCell.

Parameter Description

Ta2 Inactivity period length

Ty Short DRX cycle length

M Number of SDCs

Ton2 “On” period length
Table 5

Cross-carrier-aware DRX parameters for
the anchor CC.

Parameter Description

Te, Inactivity period length
Ty, Short DRX cycle length
T, Long DRX cycle length
N Number of SDCs
Tom “On” period length
FromV,
| e
AT
N =
v
ToFs <(TD \\
2o B
~ L. 4 ~.—~i
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Fig. 6. Internal semi-Markov Chain of the DSS.

occurs because V, encompasses multiple internal states, each of
which may produce a different number of packets that need to be
sent in a CRS. The internal states of V, and how they lead to F;,i
€ [4,9] will be later discussed in this section.

Except for the ones exiting the DSS, all the transitions in Fig. 5
are controlled by the parameters in Table 4 and reflect the DRX
operation described in Section 3. Therefore, the same events that
trigger a transition in the traditional LTE DRX (Section 2.1) deter-
mine the transitions (i) from the CRSs to the inactivity state and
vice versa, (ii) within the SDCs, (iii) from the SDCs to the CRSs, and
(iv) from Y5y to the next “on” period. The transitions that exit the
DSS V; are controlled by the events occurring at the anchor CC and
its DRX parameters, which are shown in Table 5.!

Once the SCell enters the DSS, the UE starts tracking the events
of the anchor CC waiting for a PDCCH indicating that the BS has a
packet ready for the SCell, i.e., entering the DSS is equivalent to

! The parameters in Table 5 are equivalent to the ones in Table 2. Here, the
notation has been adjusted to facilitate the differentiation of the parameters of the
anchor CC from the ones of the SCell.
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Fig. 7. Internal semi-Markov Chain of the DSS with synchronization states.

starting the SMC of the anchor CC from a randomly selected state,
as shown in Fig. 6. There, the states of the form U represent the
ones being tracked at the anchor CC. States C;,ie {0,1,3,5}, cap-
ture the ones executed after the anchor CC receives a PDCCH
indicating that the BS has a packet for the SCell. After any such
state is executed, the DSS ends, and the SCell transitions to a CRS
F.

When the SCell transitions from V; to V5, not only the anchor
CC is executing a randomly selected state, but also the amount of
time left until the end of such state is a random variable. For
example, when the SCell enters the DSS, it may occur that the
anchor CC is in the middle of a “sleep” period of a SDC rather than
at the beginning of such period. For this reason, when the SCell
enters the DSS, it needs to synchronize with the anchor CC to
account for the randomness in the amount of time left until the
end of the landed state. Such synchronization is captured in Fig. 7
by introducing the states of the form U. States C, and C, are also
added to account for the possibility of exiting the DSS during or
immediately after a synchronization state associated with a
“sleep” state.

In Fig. 7, Co has a key role in the transition probabilities from V;
to the synchronization states. Cy reflects a packet arriving at the BS
for the SCell during the last subframe x of V1, i.e.,, when the tran-
sition to the DSS is inevitable. Since that packet cannot be sent
during subframe ¥, it must wait at least for the next subframe x+ 1.
If during subframe x+1 the anchor is in a non-“sleep” state, then
the BS can notify the UE in that same subframe that it has a packet
for the SCell; therefore, the SCell should exit the DSS. This scenario
is the one captured by state Cy. As a result, the only cases where a
synchronization state is reached are the ones where no packet
arrived to the BS for the SCell during the last subframe x of V;, or
where the anchor CC is in a “sleep” state during subframe x+ 1.

3.2. Stationary probability — embedded Markov Chain — SCell
In this section, we present the calculation of the stationary
probability of the EMC corresponding to the SMC in Fig. 5.

Utilizing the same notation of Section 2.2, the stationary
probabilities 7 of the EMC follow these relationships:

9
R = Z F;, Ty, = TRDRY,

(31a)
i=1
Ty, =7y, Py, v, 1€[2,2M], (31b)
RV, =Ry Dyyvys v, 2 7w, (310
vUeV,
M
TF, :ﬂ:RpR,Fl’ TTpy = Zﬂyz,‘pyzxv,l:y (31d)
i=1
M
TF, = Z7TY2,,1PYZ,-,1,F2+7TV1PV,,F2- (31e)

i=1
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From these expressions we obtain:

M )
P 2i
P RFy E =@, Z Py, 11 Py, .y | (32a)
Dry, -1 j=2
M 2i—1
7g, =y | Py, F, + @2Dy, F, + Z DY, | F» 'Hz Py, .y, | |- (32b)
i=2 j=
v, = w3, Ty, = P03, Ty, =, (320)
i
=y TPy, oy, i€22M], 7p=-22 (32d)
j=2 Pry,
where
2M 7y
w7 =DPy,, v, jl;Iz Py,_,y, ®3= P (33)
With these expressions, the value of ¢, becomes
5 2M -1
= |1+—+w(1+w3)+ > [l by, ,v,| - (34
Pry, iT2i=2

which can be plugged into Eq. (32) to obtain the stationary
probabilities of all the states of the EMC model.

As in Section 2.2, we utilize a late-arrival model for the packet
arrival in the SCell. We utilize A, to denote the number of packets
that arrive in a single subframe. The PMF of A, is defined as

Aa(ky £ Prob{A, =k}, k=0,1,2.., (35)

and its mean value is defined as 1, £ E{A;}. We denote as X, the
service time of a single packet in the SCell. The PMF of X, is
defined as

by() =Prob{X, =1}, [=1,2,..., (36)

and its mean value is defined as b, £ E{X>}.

Having the arrival model, the service discipline, and the PMF of
the packet arrivals and the service time, we proceed to char-
acterize the transition probabilities. To achieve this, we (a) apply
the conditions that trigger each transition, as described in Section
3.1, and (b) consider that the probability of a BS receiving no
packets in a time period of length v is equal to [/12(0)}" since the
number of packet arrivals in successive subframes constitutes a
sequence of i.i.d. random variables. Hence, the probability that the
BS receives at least one packet in a time period of length v is equal
to 1—[4(0)]".

Pry, = [42(0)] Te, Prr, = 1—Dgry,» (37a)
Py, 1y, = [A20)] ", ie[,M], (37b)
Pyy b, = 1-DPy, v, i€[l.M], (37¢)
Pyyvy,, = [A20) 77T e, M1, (37d)
Py, =1—[A(0)] T i1, M), (37e)
Pyyyv, = [42(0)] Tre~Tonz +1, 37f)
Py,r, =1- [0, (37g)
Pviv, 2 D Pyu=[40)] fonz =1, (37h)

vUeV,

where py, v, is not a real transition probability since V, represents
a group of states, but the probability of going from V; to any of the
states that belong to V>. Having the above transition probabilities,
we plug them into Eqgs. (32) and (33) and obtain

2 T =1 (1= [A2(0)]""”
1= [ 2 (1 o)
* 0] (1+ o) 1-[A(0)]"”
(1 as) [0 (38)
Then, the stationary probabilities for the EMC become
(2
IR =—"5+—, (393)
R [/1(0)}7-”2
’ [22(0)] 20~ 172 disodd
PP 0] 2P a0 s even’' SL2M
(39b)
7y, = b, [A2(0)] Min - my, = ¢, [42(0)] M2 @y, (390)
p, = ( L 1) (39d)
F = ——>—1,
“\[20]™

1— [A0)]""

=, (1= ™= 1) [ 1
=t (1= (0] ><+1—[ﬂz<0>]7’”

[12(0)] T/’2> . (3%)

1_[/12(0)}7'0.\2*1

=y 1= )M | 122 39f

7, = ¢, [1- [42(0)] ][ o] (390

75 =y (O] ST Zp . ic(4,9] (39)
viev, Vi

All the expressions above depend on both the internal states of V5
(Fig. 7) and their transition probabilities to the CRSs F;,i e [4,9]. As
such, we now analyze both of these factors.

3.3. Stationary probability - embedded Markov Chain — “deep sleep”
internal states

In this section, we present the calculation of the stationary
probabilities of the EMC corresponding to the SMC in Fig. 7. For the
synchronization states, such probabilities follow these relation-
ships:

Ty =7v,Py, 5> s, =7v,Dy, 5, ie[1,2N], (40a)
”ﬁ; = ﬂv]pvl’ci, ie[l,2], (40b)
ﬂA,» Zﬂv]pV]’A,, ie[1,4]. (40c¢)

For the non-synchronization states, such probabilities follow these
relationships:

5, = gPgs, + TpPps, > (41a)

ﬂgi:ﬂgi—lpgi—lsi+ﬂ§i71p§i—l’§i’ ie[2,2N], (41b)

TG, = 75,5, G, T76,P6, 6, T 5, P5,G, T76,P6, 6, (410

g, =g, Pg, 5, H 76, Pe, Gy (41d)

ﬂ'ﬁi ZHEPEEI +ﬂBpBﬁ1’ (41e)
N N

g, = Z} 75, Ps, A, TG, Pe A, T Z:]”§Zi,11’32f,lzz T7¢,Pe, Ay

1= 1=

41f)

Tz, =g, Pe, 7, T 76,Pe, A, (41g)



E. Chavarria-Reyes et al. / Journal of Network and Computer Applications 64 (2016) 43-61 51

N N

7, = Zl T5uPsua t Zl 5.Ps, Ay (41h
1= 1=

For the exit states C;,ie[0,5], such probabilities follow these

relationships:

ey = v, Dv, Co» (42a)

4 4
e, = Z ﬂzip/i,,ﬁ + Z ﬂAipAi,Cu +7[§p§,C1 +ﬂ§pévc1
i=1 i=1

N
+ Z ﬂ§2171p§2171,c1 + Zl ﬂsziqpézia,cl +7[51p51£1 +ﬂ61p61»cl’
i=

i=1

(42b)

me, =7,Pe, 0, TG =7, PG, 000 (420)
N N

e, = Z ﬂ§21p§2isc4’ 7es = Z ﬂgzipgzi,cs' (42d)

i= i=

Compared to the one of the EMC for the anchor CC and the SCell,
the formulation of the internal states of the “deep sleep” cannot be
expressed in a compact way similar to the one of Eq. (4) or Eq.
(34). Nevertheless, it can be numerically solved in terms of mzy,
once the transition probabilities are known. Such transition
probabilities depend on the BS packet arrival model, the prob-
ability distribution, and their service discipline not only at the
SCell, but also at the anchor CC. To differentiate the parameters of
the SCell from those of the anchor, we utilize the following nota-
tion for the latter: A; for the number of packets that arrive in a
single subframe, 4;(k) for the PMF of A;, A, for the mean value of
A4, X, for the service time of a single packet, b;(l) for the PMF of X;,
and b, for the mean value of X;. We now proceed to characterize
the transition probabilities.

3.3.1. Transition probabilities to the synchronization states

The transition probabilities from V; to each of the synchroni-
zation states depend on the stationary probabilities of the EMC of
the anchor CC and on whether a packet arrives at the BS for the
SCell during the last subframe of V;:

N 4
Pv,c, = (1-4(0) <7~TB+7TGI D IENEDY ﬁm)

i=1 i=1

(220", (43a)
Py, 5 = [42(0)]) " 75, (43b)
Py i, = [(0)] 2y, ie[1,4], 430)
Pys, = [A0)] s, . ie[l.N], (43d)
Py, s, = [A200)]" s, ie[1.N], (43e)
Py, ¢, = [420) 76, py ¢ = [4200)]"" g, (43f)

where for every state U, 7y is obtained from Eq. (20). The transi-
tion probability py, ¢, captures the event that no packet arrives for
the SCell during the first To,1 — 1 subframes of Vi, a packet arrives
for the SCell during the last subframe, i.e., subframe T, of V4, and
the anchor CC is in a non-“sleep” state during subframe Tonq +1.
When such event occurs, state Cy is utilized to immediately notify
the user of the need to transition the SCell out of the DSS.

The transition probabilities from the synchronization states to
the rest of the states in Fig. 7 depend on the number of subframes

left for the anchor to transition to its next state, which itself
depends on the time instant when the SCell DRX lands in the
synchronization state. These probabilities are now discussed.

3.3.2. Transition probabilities from the synchronization “on” states

The synchronization “on” states correspond to states
S,i_1,ie[1,N], and G;. Consider an “on” state whose maximum
length is v subframes. Denote by P the subframe to be executed at
the moment that the transition from V; takes place, i.e., there are
up to v—(P—1) subframes left until the end of the state. Then,
given that P=i,ie[1,v],

v—(i-1)-1

Prob{;|P=ivi= > ¢ '2(0)[1-4(0)]

j=1
1_qv—(i—1)—1
=A(0) [1 - (O)] T, (44a)
v—(i—l)—lA
Prob{¢,|P=ivi= > ¢ '[1-2(0)]
j=1
1_qv—(i—1)—l
:[1—/12(0)}71_(1 . (44b)
Prob{€2;|P=i,v}=q"~ ¢~ D-1, (440)

where q = 1,(0)42(0). £2,, £2,, and £25 indicate that the next tran-
sition is to a CRS of the anchor CC, to state C;, and to the next
“sleep” state of the anchor CC, respectively. In other words, they
capture the required transition probabilities. The factor ¢~ is the
probability that no packet arrives at the BS for the anchor CC or the
SCell during j—1 subframes. To obtain the unconditional prob-
abilities of £2;, £2,, and 25, we need Prob{P =i}.

An “on” state can be seen as a group of substates of 1 subframe
duration each. In the EMC of such group, the transition probability
from every substate to the next one is the probability of no packet
arriving in one subframe, i.e., 4;(0). Therefore, the stationary
probability 7; of the i-th substate satisfies

i =mi_1M(0)=m [/11(0)?71- (45)
The stationary probability 7; of the i-th state in the SMC is

7iH; i gl

i-1 . i-1
- > vunvHy - > vunvHy - > vunvHy M](O)} -m [11(0)} ’

7T

(46)

Since the stationary probability 7., of an “on” state, seen as a
single state, in the SMC is equivalent to the sum of the stationary
probability 7; of its substates, it follows that

N N A i1 . 1=[h0)]"
on= i= M) = ERT
T i:]ﬂ' i:1ﬂ'1[1( )] 77117[/1](0)]
i 1-[hO)]"
= . . 47
[240)]) " 1= [4(0)] “7)
Therefore,
. i—11-[A1(0)] .
i= 0] ' — o, 48
7y = [M1(0)] 1—[/11(0)}"71 (48)
from which we then obtain that
. i 1—[21(0)]
Prob{P =i|v} = [4;(0)]' 'L 49
rob{ ilv} = [4(0)] 1= [h0)] (49)
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We can now obtain the unconditional probabilities of £24, £2,,
and £2; as

\4
Prob{€2;|v} = ) Prob{€2j|P=1i,v}Prob{P=i|v},

ie[l,3],
i=1

(50
from which we then get
Prob{2;|v} :/121(0#[1 -f1v)], (51a)
Prob{£2, |v}_1 /12(0)[1 —f1m)], (51b)
Prob{Q2;|v} =f,(v), (51¢)
where

x-1 1=21(0) 1-[L0)]"

f10= (o) A=AO) 12 [£20) (52)

1-[41(0)]" 1-42(0) °

and g = 11(0)4,(0). Then, the transition probabilities from the “on”
synchronization states of the SDCs are ps, E = Prob{£2,|v=
Tont}, Ps, ¢, = Prob{€2;|v=Ton }, and Ps, .5, = Prob{€2;|v=
Ton1}, i€[1,N]. Similarly, the ones of the LDC are Pe.A, =
Prob{€2;|v="Ton }, Pé,c, = Prob{€2,|v=Tgn}, and PG, = Prob
{Q5]v= Tom}, ie[1,N].

In addition to the transition probabilities, for i € [1, v], important
relationships include

. ¢ 11-q :1<k<v—(i—-1)
Prob{L_k|P_1,v}_{qk1 k=v_(i-1) (53)
. 1iqv—(i—1)
E{L|P= l,V} :ﬁ, (54)

where L denotes the number of subframes spent in the “on” syn-
chronization state. From the above, it follows that

E{L|v}=E{E{L|P=i,v}}=%§W. (55)
Conceptually, E{L|v} represents the holding time of an “on”
synchronization state.

3.3.3. Transition probabilities from the synchronization inactivity
period

State B represents the synchronization inactivity period. An
inactivity period is very similar to an “on” state. The difference is
that a transition to a CRS is possible from the last subframe of the
inactivity period, and not of the “on” period. This difference
impacts the formulation of the transition probabilities.

Consider that the inactivity period has a maximum length of v
subframes. Denote by P the subframe to be executed at the
moment that the transition from V; takes place, i.e., there are up to
v—(P—1) subframes left until the end of the state. Then, given that
P:i,ie[],V],

v(z 1)

v—(i-1) .
Prob{€|P=iv}= > ¢ '%O0)[1-4(0)] =401 /11(0)]
j=1

] q
(56a)
) v—(@i-1) q'- (i-1)
Prob{¢,|P=ivi= > ¢ '[1-4(0)]=[1 /12(0)]—q,
j=1
(56b)
Prob{€2;|P=i,v}=¢"~ 0D, (560)

where q = 1,(0)43(0). £2;, £2,, and £2; indicate that the next tran-
sition is to a CRS of the anchor CC, to C;, and to the next “on” state

of the anchor CC, respectively. In other words, they capture the
required transition probabilities. The factor ¢/~! is the probability
that no packet arrives at the BS for the anchor CC or the SCell
during j— 1 subframes. To obtain the unconditional probabilities of
£21, £2,, and €23, we need Prob{P = i}. Such probability is found by
following a similar analysis as the one for the synchronization “on
state, i.e., it follows Egs. (49) and (50). Therefore, the unconditional
probabilities of £2,, £2,, and £2; become

Prob{£;|v} = 12(0) q[l af1(v)], (57a)
1-

Prob{€2,|v} = ’12(0)[1 af1 v, (57b)

Prob{£2;|v} =qf,(v), (57¢)

where f;(x) is defined in Eq. (52). Then, the transition probabilities
from the synchronization inactivity period are Ppc, =
Prob{£2;|v=Tu}, Psz, = Prob{Q2;|v=Tx}, and Pis, = Prob
{€23]v= Tx}. By following a similar analysis as the one for the
synchronization “on” state, the holding time of the synchroniza-
tion inactivity period is found to follow Eq. (55).

3.3.4. Transition probabilities from the synchronization “sleep” states

The synchronization “sleep” states correspond to states Sy;, i e
[1,N] and G,. Consider a “sleep” state whose maximum length is v
subframes. Denote by P the subframe to be executed at the
moment that the transition from V; takes place, i.e., there are v—
(P—1) subframes left until the end of the state. Then, given that
P=i,ie[l,v],

Prob{R=0[P=i,v} = [A,(0)]" " """, (58a)

Prob{€2;|P=i,v} = [1 — [A1(0)] ”} Prob{R=0|P =i,v}

= [1- O] 2]~ ", (58b)
Prob{€2,|P=1i,v} =1—Prob{R=0|P=i,v} =1— [A0)]" " """,
(58¢)

Prob{€;|P=i,v} = [41(0)] "Prob{R=0|P =i,v}

= [1(0)])" [A2(0)]" " VF, (58d)

where R is the number of packets that arrive at the BS for the SCell
by the end of the state. £2,, £2,, and €25 indicate that the next
transition is to a CRS of the anchor CC, to a state C;, and to the next
on” state of the anchor CC, respectively. For a “sleep” state, P is a
discrete and uniformly distributed random variable in the range
[1,v]. It follows that

Prob{R=0|v} = i Prob{R=0|P=1i,v}Prob{P=i|v}
i=1

 [A0)° 1- [0)]"

T 1-1,(0) v ’ (59)
Let

A0 1- [L0)]

f2(x) - -l _12(0) % - (60)
Then,
Prob{€2;|v} = [1 — [A1(0)] V] fo(v), (61a)
Prob{€2;|v} =1—f,(v), (61Db)
Prob{€;|v} = [41(0)] f,(v). (61¢)
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Therefore, the transition probabilities from the “sleep” periods
are  pg . = Prob{QZ [v=Tg —Tom } ie[1,N]; Ps, 5., =
Prob{Q3 lv=Tg —Ton1p, ie[l,N-1]; Ps, G, = Prob{2;|v=
Tpr—Tom}: Ds,z, = Prob{.Q1 [V=Tg —Ton } ie[LN]; pe,c,=
Prob{€2;|v="T,1 —Ton}; Pe,G, = Prob{€23|v=T,; —Tom }; and
Pe,z, = Prob{€2;|v=Ty; —Tom }. In addition to the transition
probabilities, important relationships also include

E{R|P=i,V}:[V—(i—l)—i—l]/lz, (62)
E{R|v) = E{E{R|P=i,v}} = {%Jrqﬂz, (63)
Prob{L:i|v}=Prob{P=v—(i—1)\v}:%, ie[l,v], (64)

where L denotes the number of subframes left to be executed until
the end of the “sleep” state. Since L is also uniformly distributed
over [1,v], we have that

v+1

E(LIV} =—— (65)

Let R denote R conditioned on being greater than zero, i.e., R is the
number of packets in the BS for the SCell given that at least one
such packet arrived. Then,

Prob{R=k|v} k=0
Prob{R =k v} =<{ 1-Prob{R=0|v} =, (66)
0 k=0
. E{R|V} 14l
E{RIv) =T ProbR=0v] ~ 1,2 7

Conceptually, R represents the number of buffered packets for the
SCell if the BS determines that it should trigger the activation of
the SCell at the end of a “sleep” synchronization state, and E{L| v}
represents the holding time of a “sleep” synchronization state.

3.3.5. Transition probabilities from the synchronization continuous
reception states

Compared to the previously described synchronization states, a
synchronization CRS does not have a maximum duration that
applies to every instance of such state.

Let P_ be a random variable corresponding to the number of
subframes left until the end of the synchronization CRS at the
moment that the transition from V; takes place, i.e., if the UE were
not tracking such state for the presence of a PDCCH for the SCell,
such state would have been executed for P_ more subframes.
Then, it follows that

Prob{€;|P_ =m} =1-[1,(0)]", (68a)

Prob{Q;|P_ =m} = [1,(0)]", (68b)

where £2, and £2; indicate that the next transition is to C;, and to
the next inactivity period, respectively. To obtain the uncondi-
tional probabilities of €2, and €23, we need Prob{P_ =mj. In
contrast to the transition probabilities discussed in the previous
section, there is no explicit formulation for Prob{P_ = m}; never-
theless, we can obtain one for its probability-generating function
(PGF). Such approach is useful because

Prob{,} = i Prob{€2,|P_ =m}Prob{P_ =m}=1-2p_ (Z)‘Z:AZ(O)" (69a)
i-1

Prob{€2;} = Z Prob{€2;|P_ = m}Prob{P_ =m} = Zp_(2)|,
=1

=40

(69b)

where

Zp_ ()= ) _ Z"Prob{P_ =mj, (70)
m=1

i.e,, Zp_(z) represents the PGF of P_. We now describe how to

obtain an expression for such PGF.

Let P be a random variable corresponding to the number of
subframes of the CRS of interest. Let P, be a random variable
corresponding to the number of subframes of the CRS landed after
transitioning from V;. An instance of a CRS lasting j subframes has
a chance of including the landing subframe with a probability
proportional to j. Therefore, the probability that P, has j sub-
frames is given by

jProb{P=j}

E(Py
The position of the landed subframe within the synchronization
CRS is uniformly distributed over the length of the state. Hence,

the probability that there are k remaining subframes in the syn-
chronization CRS is

pI'Ob{I;'Jr :j}: (71)

Prob{P,=k|P+:j}:}., j=1, k=1,2,...,j. (72)
So,

Prob{P_ =k} = > Prob{P_ =k|P, =j}Prob{P, =j}
i=

Prob{P > k}
= (73)
then, the PGF of P_ becomes
_ Z 1-Z2p(2)
2 D=1 P (74)

where Zp(z) is the PGF of P, i.e., the PGF of the length (in sub-
frames) of a CRS. If such state started with R subframes, then

s

P= Z Py, (75)
i=1

where P,. is a random variable corresponding to the length of a CRS

caused by one packet in the buffer, i.e., the length of a busy period

caused by one packet, in queuing theory terminology. Therefore,

the PGF of P becomes

Zp(2) = Z (Zp,(2)), (76)

where Z;(2) is the PGF of R. Since the PMF of R(z) follows Eg. (66),
its PGF is

Zr(2)— Prob{R = 0}
~ 1—Prob{R=0}
where R is the number of packets buffered during the state that
preceded the CRS. If such state buffered packets during v sub-
frames, then we would have that Prob{R=0}= [/11(0)]" and
Zr(2) = [24,(2)]". Therefore, plugging into Eq. (77) and then into
Eq. (76), we get

(24, (2r,@)]" = [1O)]"

Zr@) = 77)

Zp(2)= v (78)
: 1= [1(0)]
The expected value of P can be found from
d V/l]
E(P) =2 =— 71 _E(P,), 79
P} dz P(Z)Z=1 1_[/11(0)}\, {Ps} (79)

where E{P.} is obtained from Eq. (14) by considering that the
initial number of packets in the buffer is 1, i.e.,
by

E{P*}Z]_pl

) (80)
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where p; = A1b;. Therefore, by plugging Eq. (80) into Eq. (79), we
have

E{P} = X
" l—ﬂll—[ﬂl(o)]v

By plugging Eqs. (78) and (81) into Eq. (74), we obtain

_ 2z 1-py1-[20,(2.@)]
Zr D=7 2 v
From Eqgs. (69a) and (69b), we can now obtain the probabilities of
.Q1 and .Qz:

v

(82)

Prob{€2,} =1—f3(v), (83a)
Prob{2;} =f3(v), (83b)
where

_1-p; h0) 1-[24,(2p,@)]" 84
f3x)= o1 1=75(0) X Z:MO; (84)

and Zp_(z) is obtained from Takagi (1993) as the PGF of the length
of a busy period triggered by the arrival of one packet:

o0 dn—1

d n
2= Lo [GEne ]2 e ®5)

z=0

Then, the transition probabilities from the continuous reception per-
iods can be obtained as follows: Pi,5=DPi,5 =f3(1), Pi,c,=Pi,c, =
1-f3(1), pi,5=F3Tp=Tom+1) Pi,c, =1-f3(Tpi— Tom+1),
pA%E =f3(T71 —Tonm +1), and pA%Cl =1 —f3(T71 — Tomp+1). In addi-
tion to the transition probabilities, important relationships include

0] [1=4,0)] 1</
Prob{L=k|P_ =m} :{ %;Eoﬂkl[ 2(0)] ) <k<m 36)
2 ck=m
1-[22(0))™
E{L|P_ :m}:%, (87)

where L denotes the number of subframes spent in the synchroni-
zation CRS. From the above, it follows that

1-f5(v)
1-4,(0)

represents  the

E{L} = E{E{LIP_ =m}} = (88)

Conceptually, E{L} time of a

synchronization CRS.

holding

3.3.6. Transition probabilities for non-synchronization states

For the non-synchronization states, we use most of the
expressions previously developed for the synchronization states.
We can do so because a non-synchronization state is equivalent to
a synchronization state that always starts at subframe 1 of the
original state. Particularly, for the “on,” inactivity, and “sleep”
states, we only need to set P=1 in Eq. (44), Eq. (56), Eq. (58),
respectively. Then, we obtain

Pgs, =4q"", (89a)

10— gL 79 89b

DPgz, = [ 2( )—Q]ﬁa ( )
] _qT(zl

Psc, = [1-42(0)] 0 (89¢)

ps, 5, =d™ "', ie[l,N], (89d)

Ps, 4= [42(0)—q] % ie[1,N], (89e)
Ps, =11 —/12(0)]%, ie[1,N], (89f)
Ps,c, = gl = Tom +1, (89g)
Ps5,5,., = qier—Tom+1 je[1,N-1], (89h)
Ps, 5, = [A200)) 7 T T gl T 1 e [1,N], (89i)
Ps, ¢, =1-[A)]" " ie[1.N], (89))
Pe,c, = gln=Tom+1, (89k)
Pe, 7, = [A2(0)] 7T T gl ~Tam 41, 89)
Pe,c, =1—[A©] " T (89m)

For the CRSs, we use the expressions in Eq. (69) and replace the
PGF of P_ with the PGF of P (Eq. (78)), leading to
Pi.c, =Pi,c, =fa). bz 5=pz,5=1-fs). Pz c =faTpn—
Ton1+1), P;%g =1 _f4(Ty1 —Ton1+1), PZA,C] :f4(T/11 —Tom +1), and
pz,5=1 —f4(Tg1 —Ton1+1), where

—[24,(2r.@))

1
= 90
fa) = O (90)

z=72,(0)

3.3.7. Transition probabilities for exit states

States C;,i€[0,5], correspond to the exit states, i.e., the states
that represent the exit from the DSS. Their transition probabilities
are

per,,=1. ie[0,5]. on

At this point, all the transition probabilities have been defined, and
the stationary probabilities of the EMC can be evaluated. In addi-
tion to the stationary probabilities of the EMC, the holding time of
each state is required to compute the performance metrics.

3.4. Holding time

3.4.1. “Deep sleep” internal states

For the synchronization states inside the DSS, the holding time
was discussed jointly with their transition probabilities in Sections
3.3.2-3.3.4. Here we summarize the expressions for those holding
times H:

e T’“Jzimﬁl ie[1,N], (92a)
S0 1 = %(ZO"I), ie[1,N], (92b)
He, :1—?1_(;on1)’ He, :T}/l_gom"'l’ 920
Hy =1~ 1) izf:(qu ) Hy =H; = 7} :{i Eg (92d)
H, = 1 —f3(1711/1—2(Tg)n1 + 1)’ ©92¢)
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H: 1 f3(Tﬂl Ton1+1)
A= 1-42(0) |

(92f)

where f;(x) is defined in Eq. (52), and f5(x) is defined in Eq. (84).

For the non-synchronization states inside the DSS, the holding
time is obtained following a similar approach as the one for the
transition probabilities in Section 3.3.6. Particularly, for the “on”
and inactivity states, we only need to set P=1 in Eq. (54). For the
“sleep” and exit states C;,ie [0, 5], the holding time is a determi-
nistic value:

Hg, =Tg —Tom. ie[1.N] (93a)
1-— Ton1 .
S = 1i7q . ie[1,N], (93b)
_ 1 _qu _ 1 _unm
=g Ho=7 4~ (930)
He, =Ty —~Tom. He =1, i€[0,5] (93d)

For the non-synchronization CRSs inside the DSS, we use the
expression in Eq. (87) and replace the PGF of P_ with the PGF of P
(Eq. (78)) when calculating the holding time, leading to

P 100!

A, = TZ(O), (943)
[Ty —Tom+1)

Mo, == 1-h0 (94b)
Ty —Ton +1

He :f 4( m ! ) (94c)

As 1-4,(0)
where f4(x) is defined in Eq. (90).
3.4.2. SCell
For the holding time of the SCell states (Fig. 5), we can directly

apply the expressions developed in Section 2.3 by adjusting for the
parameters of the SCell:

1—[A(0)]"

Hr=—"7,0 " (95a)
B 1— [12(0)] Ton2
Hy,_, _W’ ie[1,N], (95b)
Hy, = T/}z —Ton2, i€[1,N], (95¢)
B 1— [/12(0)] Ton2
Hy, =T1-40) (95d)
Hr, =Hp, =72 ! (95€)
2T 1—p, 1-25(0y
Hp, =22 T~ Tonzt ] (95f)

1=p21- [0~ To T

The previous expressions account for the inactivity period, SDCs,
state V1, and CRSs Fj,ie[1,3]. The last three states are related to
the arrival of packets outside the “deep sleep”. On the other hand,
states F;,ie[4,9], are related to the arrival of packets within the
“deep sleep,” and their holding times are now analyzed.

From Eq. (15), we have that the holding time of a CRS depends
on the expected value of the number of packets in the BS buffer at
the moment that the state starts. For states Fj,ie[4,9], such
expected value E{Ry, } is the sum of

e the expected value of the number of packets received during
Ci_4, i.e., A, packets, and

e the expected value E{Rc, ,} of the number of packets in the BS
buffer when C;_, started,

W2 = [1=[42(0))™ ] (2200 e, + [1 - [42(0)) " | H,

+ [A2(0)]M7 {H +Z Ty 3 2 HU}

vy vUeV, Vi
1- [0
%[ v+ 0] Hy,

Hp+ (1 — [42(0)] T“Z)HFI

+[1= [20) ™ ] [He, —H,]] +

0]
(96)
ie,
E{Rr,} =22 +E{Rc, ,} ie[4,9] (97)
Then, applying Eq. (15), we have that
HFi:E{RFi}]Ezpz—] Pz{ L ElRe. 4}], ie[4,9]. (98)

E{Rc, ,} can be computed from Eq. (18) forie {4,5,7,9}, i.e., for
the states C; that are reached from any state except the synchro-
nization “sleep” states. The reason is that the buffering time that
precedes states C;,ie {0,1,3,5}, is a deterministic value. So,

1
E{RCD} = E{RCI } = /121 —AZ(O)’ (99a)
T 1 _Tonl +1
E{R¢,} =1 £ . (99Db)
{ C } 217[12(0)]T71—T0m+1
Ty —Ton1+1
E{Rc,} =dp— " ! (990)

1= [Z20)] 7Tt

Forie (2,4}, E{Rc,} is determined by Eq. (67), i.e., by the expected
number of packets at the end of the preceding “sleep” state, given
that at least one such packet arrived. So,

E{Rcz} = Afs (T}'l _Tonl)a (100a)
E{Rc,} = of s (Tpn —Tom ) (100b)
where

_ 1t
fs(X)—TZ(X), (101)

and f,(x) is defined in Eq. (60). Having E{Rc, },i€[0, 5], we can plug
it into Eq. (98) and find the remaining holding times:

“Hp = P2 [y 1
Hp, =Hp, = T-p, [l +1 7/12(0)}, (102a)
Hf, = ]fp [1+f5(Ty1 = Tom)], (102b)
T)1 —Tont +1
Hp, =722 |1 — o, (1020)
]_pZ 1_ [12(0)} 71 onl
Hp, :]fzpz [14£5(Tp1 = Tom ). (102d)
_ P2 Tp1—Ton1 +1
HFg - 1 —pP2 |:1 +1 _ I:AZ(O)} Tpr—Tom+1|° (102@)
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3.5. Performance metrics

The main performance metrics associated with any DRX
scheme are the amount of energy saved and the packet delay, also
known as waiting time in queuing theory terminology. Since the
metrics for the anchor CC correspond to the ones already analyzed
and evaluated in Section 2, here we focus on evaluating the per-
formance metrics for the SCell.

3.5.1. Energy savings

As described in Section 2.4.1, the amount of energy saved is
defined as the total amount of time spent in the “sleep” and DSS.
This value is obtained from the stationary probabilities of the SMC,
which we derive from the stationary probabilities of the EMC in
Egs. (39)-(42), obtained in Sections 3.2 and 3.3.

For any state U, its stationary probability 7y in the SMC is
defined by Eq. (20). Then, the energy savings 7, and z4; provided
by the SDCs and the DSS, respectively, are

M

M
Tp = Zﬁyzi’ Tds = Z ﬁ'u.

i=1 vUeV,

(103)

Replacing the expressions for the stationary probabilities of the
SMC, 74, and 745 become

T —Tona 1— [A2(0)) "

Tpy = A0y T2~ 1, 104a

2= 1 oy 2O o
_ [4(0)] Ml 7y

o= > . Hu. (104b)

where ¥, is described by Eq. (96). Then, the total energy savings 7,
become

T2 =Tpp +Tds- (105)

If in a given implementation the power consumption during the
“non-sleep”, “sleep”, and DSS states are, respectively, Pmax, CoPmax
(0<cp<1), and c¢1Pmax (0<c; <1), then the implementation-

dependent energy savings are

(1—co)tpp+(1—c1)Tgs. (106)

In general, it can be assumed that c¢; > ¢, i.e., the amount of power
consumed during the DSS is no less than the one consumed during
the regular “sleep” periods. From Eqs. (24) and (106), we have that
in order for the implementation-dependent energy savings of the
cross-carrier-aware DRX to be greater than those of the classical
DRX, the following condition must be satisfied:

A—c) > P21 _cy). (107)
Tds
E{Fz} :%{1[(1"/32 —Tonz)ﬂ'1~‘31‘11:3 +7Z'1:4HF4 +”F5HF5
-1 7 H 12

+ (Tﬂ —Tom +1)7L’F7HF7 + (T/}I —Tom +1>7[F9HF9]

1[(Tp =Tom)* +6(Ty1 ~Tom) +11_
3 (Ty1 —Ton1) +5 Felife
2
To1—Ton ) +6(Tp —Ton1 ) +11
+( B °"> < b on ) 7k He, | | +E{Y1}.
(Tﬂl _Tom) +5
(108)

For 7, > 7 the above condition is always satisfied. In the ideal case
where ¢; =co, the above condition becomes 7, =74s+7g5 > =1,
i.e, a comparison between the implementation-independent
metrics for energy savings.

3.5.2. Delay

To calculate the expected value E{/>} of the packet delay in
the SCell, we need to compute (a) the expected value of the delay
Y; experienced by the packets sent in F;,ic[1,9], and (b) the
probability of a packet to be sent in each of such states. As dis-
cussed in Section 2.4.2, we apply the results from queuing theory
that establish the expected value E{Y '} of the packet waiting time
in a system with vacation (Takagi, 1993). In such context,

(2] E{Xa P} +baEt[A2)*) = pr(la+ 1) L Evv—1))
2(1-py) 2E{v} ~°
(109)

E{Y|v}=

where v is the length of the vacation, the first term represents the
waiting time in a system without vacation, and the second term
represents the residual life of the vacation time. In the context of
DRX, v corresponds to the amount of time the BS buffers packets
before entering a CRS. Therefore, v is a deterministic value equal to
1 for F; and F; and Tg, —Tonz + 1 for Fs. For Fy,i€[4,9], v is the sum
of the amount spent in state C;_,, i.e., 1 subframe, and the amount
of buffering time preceding that state. In particular, v is a deter-
ministic value equal to 2 for F4 and Fs, Ty +Ton1 +2 for F7, and
Ty —Ton1 +2 for Fo. On the other hand, v is a discrete uniformly
distributed random variable in the range [3,T,; —Ton1 +2] for Fs
and in the range [3, Ty — Ton1 +2] for Fs. It then follows that

[/12}25{[X2]2}+b25{ [/\2]2} —py(2+1)

E{Y 1} =E{T,} = T —py) ., (110a)
E{Y3}=E{Y1}+@» (110b)
E{Ys} =E{Ys} =E{Y1}+}, (110¢)
_ 1(Ty1_T0111)2+6(Ty1—Ton1)+11
E{Ye} =E{Y1}+3 (T —Tom) 5 , (110d)
B{Y7) = E{r,) 4 T L (110e)
2
Tp—T +6(Tg—Ton1 ) +11
E{Ys}=E{Y1}+1( N Om) ( n °m> (110f)
3 _
(Tﬁl T0n1)+5
E{Yg}:E{yl}jLM, (110g)

2

We now compute the probability of a packet being sent from state
F;. From Eq. (28), we have that such probability is

7r, H,
9
i=1

Prob{®@=F;} = (111)

)
zr,HE,

where @ denotes the state from which the packet is sent. We now
see that

9
E{Fz} :E{E{r2\¢}} = ZE{F2| @:F,}Prob{@:ﬁ}
i=1
9
=Y E{Y;}Prob{®=F;}. (112)
i=1
After further simplification, this expression becomes Eq. (108). As
mentioned previously, the second term represents the waiting

time in a system with no DRX. Thus, the first term denotes the
additional waiting time due to the cross-carrier-aware DRX.
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Fig. 8. Deviation of theoretical from experimental metrics for the LTE DRX with
1=0.1, b=2.5ms, T, €[4,8,16,32,64] ms, Ne[2,4,8,16], T;<[4.8,16,32,64,128,
256] ms, Ton €[2,4,8,16,32,64,128] ms, and T, = 2Tj.

4. Performance evaluation

The focus of this section is to show the validity and accuracy of
our modeling approach, and to characterize the benefits provided
by our cross-carrier-aware DRX over the classical DRX.

As discussed in Sections 2 and 3, both DRX schemes depends
on multiple parameters and on the PMFs for the packet arrival and
service time. Hence, varying all parameters and PMFs simulta-
neously may create a large number of possible combinations. For
example, the cross-carrier-aware DRX depends on the five para-
meters of the anchor CC (Table 4) and the four parameters of the
SCell (Table 5), and the packet arrival and service time PMFs for
the anchor CC and SCell. Thus, if each parameter and PMF are
varied across n different values and distributions, respectively,
there would be O(n'3) possible combinations. For example, for
n=6 we have approximately 1.3e10 possible combinations. Even
though some of these combinations can be skipped, e.g., when
Ton =Ty, the number of valid combinations is still large. While in
the classical DRX the number of parameters is less than that of the
cross-carrier-DRX, a similar analysis indicates that for n=6, we
would have 2.8e5 possible combinations. Hence, for both DRX
schemes, rather than varying all parameters and PMFs simulta-
neously, we fix a set of them while varying the rest.
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Fig. 9. Deviation of theoretical from experimental metrics for LTE DRX with A=0.1,
b=25ms, T,=4ms, Ty=4ms, Ton=2ms, Ne[2,4,8,16], and %e [2,4,8,16,32].

For analysis of both DRX schemes, we simulated a system
consisting of a BS and a UE. The link between them is composed of
an anchor CC and an SCell. The BS has an infinite buffer per CC per
UE, as typically considered in the literature, where it stores any
packet that cannot be immediately sent to the UE since the cor-
responding CC is in a “sleep” state or the previously buffered
packets are being sent. Once the CC is “awake,” the buffered
packets are sent by the BS following a First In, First Out (FIFO)
scheme. We consider that there is no packet loss or retransmission
between the BS and the UE.

4.1. Classical DRX

For the classical DRX discussed in Section 2, it is enough to
focus on a single CC, e.g., the anchor CC, since there are no cross-
carrier effects. We consider that the number of packets A that
arrive in a single subframe follows a Poisson distribution with
parameter A. For the service time X, we utilize a modified Poisson
distribution:

—(b-1)
Prob{X =k|b} = (b71)"*1e

e P lk=123

(113)

Therefore, E{X} = b. X can be interpreted as adding 1 to the result
of generating a random variable from a Poisson distribution whose
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Fig. 10. Deviation of theoretical from experimental metrics for the LTE DRX with
1€[0.1,0.05,0.01,0.001], be[1.5,2.5,4.5,6.5,8.5,16.5]ms, T,=4ms, T;=8ms,
Ton=2ms, N=2, and T, = 2Tj.

mean is b—1. For the classical DRX, the expressions of energy
savings and delay utilized here correspond to Egs. (23) and (30),
respectively.

In Fig. 8, we depict the histogram of the deviation between the
analytical and simulation results for the energy savings and delay
across multiple DRX parameters combinations. For each combi-
nation, the operation of the LTE DRX during 1 million subframes
was simulated. At the end of each simulation, the energy savings
and delay were computed and compared to the results found from
the analytical expressions. For each configuration, the deviation is
then computed as the difference between the theoretical and
simulated performance metrics.

From Fig. 8, we observe that the deviation for both metrics is
extremely low. In particular, the absolute deviation in the energy
savings is less than 1%. Similarly, the absolute deviation in the
delay is mostly within 1 ms. From these results, we validate the
significantly high accuracy of the analytical expressions derived
for the performance metrics. This validation allows us to further
examine the performance metrics, as Tq, N, Tp, and T,, are varied,
directly through the analytical expressions.

In Fig. 9, we depict the histogram of the deviation between the
analytical and simulation results for the energy savings and delay
metrics as N and % are varied. For each combination of the DRX
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Fig. 11. Deviation of theoretical from experimental metrics for the cross-carrier-
aware DRX with parameters 4;=0.1, b;=25ms, T, =4ms, Ty =8ms,
Ton1=2ms, T,;=16ms, N=4, 1,=0.1, b, =25ms, T, €[4,8,16,32,64] ms,
Ty €[4,8,16,32,64,128,256] ms, M €[2,4,8,16], Tonz €[2,4,8,16,32,64,128] ms.

parameters, the deviation was computed the same way as for
Fig. 8. Here, we also have extremely low deviations. In particular,
the absolute deviation in the energy savings is less than 0.2%.
Similarly, the absolute deviation in the delay is mostly within
0.2 ms. These low levels of deviation allow us to further examine
the performance metrics, as N and % are varied, directly through
the analytical expressions.

In Fig. 10, we depict the histogram of the deviation between the
analytical and simulation results for the energy savings and delay
metrics as A and b are varied. For each combination of the DRX
parameters, the deviation was computed as for Fig. 8. Here, we
also have extremely low deviations. In particular, the absolute
deviation in the energy savings is less than 0.3%. Similarly, the
absolute deviation in the delay is mostly within 0.5 ms. These low
levels of deviation allow us to further examine the performance
metrics, as A and b are varied, directly through the analytical
expressions.

4.2. Cross-carrier-aware DRX
Here, the link between the UE and the BS is composed of an

anchor CC and an SCell operating according to our cross-carrier-
aware DRX. The number of packets that arrive in a single subframe
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Fig. 12. Deviation of theoretical from experimental metrics for the cross-carrier-
aware DRX with parameters 4y =0.1, T,; €[4,8,16,32,64] ms, by =2.5ms, T €[4
,8,16, 3,64,128]ms, Ton =[2.4,8,16,32,64]1ms, T, e[1,2]T;1, Ne[2,4,8,16],
A2=0.1,by,=25ms, T,y =4ms, Ty, =32 ms, Top, =16 ms, and M=2.

for the anchor CC and the SCell are denoted by A; and A,,
respectively, and their means are represented by A, and A,. The
service times for the anchor CC and the SCell are denoted by X;
and X,, respectively, and their means are represented by b; and b,.
A7 and A, are considered to follow a Poisson distribution, and X;
and X, are considered to follow a modified Poisson distribution
whose PMF is described by Eq. (113). For the cross-carrier-aware
DRX discussed in Section 3 the expressions of energy savings and
delay utilized here correspond to Eqs. (105) and (108),
respectively.

In Fig. 11, we depict the histogram of the deviation between the
analytical and simulation results for the energy savings and delay
metrics of the SCell, across multiple SCell DRX parameters. For
each combination of those parameters, the operation of the cross-
carrier-aware DRX during 1 million subframes was simulated. At
the end of each simulation, the energy savings and delay metrics
were computed and compared to the results found from the
analytical expressions. For each configuration, the deviation is
then computed as the difference between the theoretical and
simulated performance metrics.

From Fig. 11, we observe that the deviation for both metrics is
extremely low. In particular, the absolute deviation in the energy
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Fig. 13. Difference in the performance metrics of the cross-carrier-aware DRX over
the classical DRX. SCell parameters 1 €[0.05,0.1], b, =2.5ms, T, e[4,8,
16,32,64] ms, Ty, €[4,8,16,32,64,128,256] ms, Tonz €[2,4,8,16,32,64, 128] ms,
Me([1,2,4,8,16], and for the classical DRX T,; =2Tg. Anchor CC parameters
1 =0.125, by =25ms, T, €[4,16,64]ms, Ty €[4,32,256]ms, Ton1 €[2,16,
128 ms, N=1, T,1 =Tp.
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Fig. 14. Factor ¢ for multiple delay bounds.

savings is less than 1%. Similarly, the absolute deviation in the
delay is mostly within 1ms. From these results, we validate the
significantly high accuracy, with respect to the DRX parameters of
the SCell, of the analytical expressions derived for the performance
metrics of the cross-carrier-aware DRX.

In Fig. 12, we depict the histogram of the deviation between the
analytical and simulation results for the energy savings and delay
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metrics of the SCell across multiple DRX parameters for the anchor
CC. For each combination of those parameters, the deviation is
computed as for Fig. 11. Here, we also have extremely low devia-
tions. In particular, the absolute deviation in the energy savings is
less than 0.3%. Similarly, the absolute deviation in the delay is less
than 0.25 ms. From these results, we validate the significantly high
accuracy, also with respect to the DRX parameters of the anchor
CC, of the analytical expressions derived for the performance
metrics of the cross-carrier-aware DRX.

We now compare the improvements in the performance
metrics of the SCell provided by our cross-carrier-aware DRX to
those of the classical DRX across multiple DRX parameters by
directly using the analytical expressions we have derived. For
every possible combination of DRX parameters and a given max-
imum delay, we compute the highest energy savings provided by
the classical and the cross-carrier-aware DRX. Similarly, for mini-
mum energy savings, we compute the minimum delay caused by
each of the DRX schemes.

Figure 13a depicts the energy savings provided by our DRX and
the classical DRX, while Fig. 13b does a similar comparison for the
delay. In Fig. 13a, we observe that our cross-carrier-aware DRX
significantly outperforms the classical DRX when the delay limit is
less than 5 ms. For a higher delay limit, the difference between the
two DRX schemes is very small. However, increasing the energy
savings while maintaining a low delay limit is what presents the
greatest challenge; thus, the cross-carrier-aware DRX proves to be
much more efficient than the classical scheme. In Fig. 13b, we
observe that our cross-carrier-aware DRX also outperforms the
classical DRX when the energy savings limit is up to 60%. Over the
interval of 60-80%, the delay caused by the cross-carrier-aware
DRX is not significantly different from that of the classical DRX.

As discussed in Section 3.5.1, the implementation-independent
energy savings may differ from the implementation-dependent
energy savings particularly when the power consumed coPmax
during the traditional “sleep” period is different from that con-
sumed c;Pmax during the DSS. Nonetheless, we found that if Eq.
(107) is satisfied then the implementation-dependent energy
savings of the cross-carrier-aware DRX are greater than those of
the classical DRX. In Eq. (107), the factor ¢ £ (z—1p,)/74s Dlays a
key role. Thus, in Fig. 14, we present such factor for the config-
urations depicted in Fig. 13a for the delay bound less than 10 ms
since this is the range where the benefits of our cross-carrier-
aware DRX are greater. We observe that ¢ grows from 0.55 up to
0.99 as the delay bound grows from 1 ms to 9 ms. For three values
of o in such range, we present in Fig. 15 the comparison between
c; and co. For the lowest delay bound, i.e., for 6=0.55 and with our
algorithm providing the largest improvements, we observe that
the value of c; can be relatively large compared to co, particularly

for low values of cg. A similar behavior is also seen for ¢ =0.7.
However, for 6=0.85, i.e., when the performance of the classical
DRX approaches that of our cross-carrier-aware DRX, we do
observe that the values of ¢, are very close to those of cq. In other
words, for the scenarios where the implementation-independent
metrics of energy savings are close for both DRX schemes,
the values of c¢; and ¢y need to be very similar in order to keep
the improvements of our cross-carrier-aware DRX in the
implementation-dependent metrics of energy savings. From
the previous results, we can state that when c¢;>cy, the
implementation-dependent energy savings and the benefits of our
cross-carrier-aware DRX can still be greater than the ones of the
classical DRX, for a wide range of values for c; and co.

5. Conclusions

Because of its limited on-board energy, it is critical for the UE to
maximize its energy efficiency. With this objective in mind, 3GPP
introduced in LTE the use of DRX to minimize the energy con-
sumption at the UE. For scenarios that support CA and MSCA in
LTE-A, not only the peak data rate, but also the energy consump-
tion is increased. For such scenarios, the use of DRX still remains
the best approach to reducing the UE energy consumption. How-
ever, simply using the classical DRX scheme, as is frequently done
in the existing literature, leads to high inefficiency. In this paper,
we first developed a semi-Markov Chain model to characterize the
operation and performance metrics of the classical DRX. Second,
we proposed a novel cross-carrier-aware DRX for scenarios that
support CA and MSCA. We developed a semi-Markov Chain model
and obtained the analytical expressions for the performance
metrics for our proposed DRX scheme. The accuracy of analytical
expressions was validated through extensive simulations for both
DRX schemes. Then, we compared the performance of our cross-
carrier-aware DRX against that of the classical DRX. We found that
our DRX scheme significantly outperforms the classical DRX in
terms of energy savings, especially in the most challenging con-
dition of low tolerable delay. Moreover, the delay caused by our
cross-carrier-aware DRX was not found to be significantly different
from that of the classical DRX. In addition, we found that our
cross-carrier-aware DRX provides benefits over the classical DRX
even in non-ideal implementation scenarios.
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