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Abstract

Beyond 5G (B5G) wireless networks, imbued with several beams to support
high-frequency spectrum, would require enhancements to the current pag-
ing monitoring mechanism in Idle mode Discontinuous Reception (IDRX)
for improving UE’s energy efficiency. The lengthy pre-wakeup and process-
ing overheads in directional IDRX for beam tracking and time-frequency
synchronization in every IDRX cycle would result in higher UE’s power con-
sumption. Recently, the functioning of Synchronization Signal Block (SSB)
has been standardised for synchronization in New Radio (NR) 5G commu-
nications. In this article we first highlight inevitability and details of SSB
measurements in every IDRX cycle of directional 5G/B5G communication.
The UE’s power saving reduces substantially due to SSB measurements as the
deep sleep duration in every IDRX cycle shrinks. Moreover, during the time
gap between periodic SSB transmission(s), the UE can only transit to light
sleep. An early indication that can inform UE whether to measure multiple
SSB’s when paging is expected in an IDRX cycle or continue to deep sleep in
absence of paging would be very beneficial in UE’s power saving. We propose
a novel Split PO Paging (SPOP) mechanism that manifests early indication,
avoids unnecessary SSB measurements and reduces UE’s pre-wakeup energy
overheads. We use Markov chain modeling to analyze SPOP and validate
our modeling through simulations. The Proposed SPOP can save more than
40% power compared to IDRX mechanism with elaborate pre wake-up and
processing.
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1. Introduction

The Beyond 5G (B5G) wireless networks would not only provide high
data rate connectivity to people, things, machines, and industries but would
also enhance the access efficiency in terms of agility, reliability, and energy
efficiency. One of the key features to expect in 6G networks is the 10 — 100
times improvement of UE’s overall energy efficiency compared to 5G [1]. The
3rd Generation Partnership Project (3GPP) standardization body is also
discussing enhancements to the Idle mode Discontinuous Reception (IDRX)
mechanism in beam-based directional communication for improving UE’s
power saving [2]. In IDRX mode, UE manifests deep sleep for power saving
and wakes up only in a Paging Occasion (PO) to monitor the Physical Down-
link Control Channel (PDCCH) for paging. PDCCH for paging indicates
Physical Downlink Shared Channel (PDSCH) resources for the paging mes-
sage [3]. If the PDCCH for paging is received, UE performs PDSCH decoding
in the PO. As beam based directional communication becomes essential with
Gigahertz (GHz) and Terahertz (THz) frequencies in B5G networks [4, 5],
the paging monitoring becomes much more challenging. The Synchroniza-
tion Signal Block (SSB) measurements should precede every PO so that the
UE can identify the beam to receive paging. Moreover, more than one SSB
measurement may be required in each IDRX cycle for the reasons detailed
ahead in the paper. Recently, the 5G New Radio (NR) has standardized
the functioning of SSBs for directional communication such that they are
periodically transmitted [6]. SSB measurements along with the time gap
between SSB transmission(s) and PO would reduce deep sleep duration in
each IDRX cycle. Thus, while the IDRX in legacy LTE/LTE-A networks
gave UE’s longer opportunity for deep sleep, IDRX in 5G and B5G networks
results in reduced deep sleep duration due to the inevitable SSB measure-
ments as shown in Figure 1. It is notable in Figure 1 that the UE can only
transit to light sleep in between SSB transmission(s) and PO. More power
consumption in every IDRX cycle would in turn reduce UE’s battery life
substantially. From the devices’ usability point of view, improving battery
life is one of most perennial challenges [7]. A survey by Qualcomm revealed
that 60% of the consumers’ consider battery life time performance as they
key attributes that needs to be improved [8]. In this article we propose a
novel mechanism to improve UE’s power saving in IDRX mechanism by man-
ifesting longer deep sleep through an early indication of paging arrival. The
proposal also improves UE’s battery life.



(a) Paging Occasion in UE’s IDRX Cycle for LTE/LTE-A Networks.
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Figure 1: IDRX in LTE and 5G-NR Networks

Even though UE is required to periodically wake up for traffic monitoring
in IDRX cycle, it is not necessarily paged in every PO as the wireless traffic is
sporadic. It is to be noted that the wake up time is substantially high in B5G
and many a times without any consequence. Thus, an early indication that
enables UE to decide whether to wake up for elaborate SSB measurements
or continue to sleep if there is no paging would be very beneficial in power
saving. An early indication on absence of paging would allow the UE to avoid
unnecessary long pre-wakeup. On the hand, UE would perform elaborate SSB
measurements only when paging is indicated. In this article, we propose a
novel concept called Split PO Paging (SPOP) that manifests early paging
indication in B5G. More precisely, the main contributions are as follows:

1. We propose novel SPOP mechanism that uses PDCCH monitoring as
an early indication based on which SSB measurements are avoided when
paging indication is absent.

2. To manifest early indication, the paging occasion is split into two sub-
occasions: (i) Paging Sub-Occasion 1 (PSO-1), where UE monitors the
PDCCH for paging and (ii) Paging Sub-Occasion 2 (PSO-2), where UE



decodes PDSCH. Thus, PDCCH in PSO-1 can acts as an early indi-
cation in addition to scheduling PDSCH resources. In SPOP, we also
consider appropriate time interval between PSO-1 and PSO-2 which
should enable additional SSB measurements before PDSCH decoding
if PDCCH for paging is received in PSO-1.

3. Power saving in SPOP would depend on the probability of paging
arrival while monitoring PDCCH. Therefore, we apply Markov chain
modeling to probabilistically evaluate the power saving in SPOP. We
evaluate UE’s transition probabilities to various states based on the
arrival of the paging message. Subsequently, using holding times of
different states, we evaluate power consumption and UE’s battery life.

4. We show that the proposed SPOP can save twice and more power
compared to the existing system that works without any early paging
indication. Finally, we also validate our modeling through intensive
simulations.

The rest of the paper is organized as follows. In the second section,
we present the background on IDRX mechanism and its modification with
respect to SSB measurements for 5G/B5G networks. Related work is also
presented in this section. The third section presents a novel split PO paging
mechanism and its analysis. The performance evaluation with respect to
current system is presented in the subsequent section four. Section four also
delineates the simulation results. Finally, section five presents the conclusion.

2. PRELIMINARIES

2.1. A. SSB Measurements in Directional Air Interface

3GPP has standardized ‘SS Block” (SSBs) for the new radio 5G commu-
nications in [9]. Unlike LTE, in 5G, the synchronization signals (Primary
Synchronization Signal (PSS) and Secondary Synchronization Signal (SSS))
along with Physical Broadcast Channel (PBCH) are all packed as a single
block. Jointly they are called as NR SS Blocks (SSBs). To support beam
sweeping for SSB transmission, a new concept, SS burst set, is also introduced
in NR [10]. Multiple consecutive SSBs together form an SSB Burst Set [6].
The default time setting for SSB burst set transmission is 20 ms [6][9]. This
new concept facilitate beam alignment in directional communication at high
frequencies by changing beam direction for each SSB transmission within the
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burst set as shown in Figure 2. It is notable that the spatial coverage of each
beam is different. Each SSB in the SSB burst set has a unique number called
SSB index by which it can be identified. UE measures the signal strength of
SSBs and can identify the SSB index for the one with the strongest signal
strength. As an example it is SSB index three in the Figure 2. Thus, the
beam direction that provides strongest link between the UE and the gNB
(5G base station) becomes known. This beam alignment between UE and
gNB precedes any information exchange between UE and gNB. As direc-
tional interface is inevitable at high frequencies in B5G networks, IDRX for
UE’s power saving shall also incorporate the changes due to inclusion of SSB
measurements in each of its cycle as explained in the subsequent subsection.

2.2. B. IDRX Nowvelty in 5G and B5G

IDRX is a popular mechanism in legacy networks to conserve UE’s power.
In IDRX cycle, the UE transits to a deep sleep mode and wakes up only for
a specific sub-frame called the Paging Occasion (PO) to check paging as
shown in Figure 1. Paging facilities in directing an incoming call to a UE
that is in idle mode. In PO, UE first monitors the PDCCH for paging. It
decodes PDSCH to receive the paging message only if the PDCCH for paging
is received. However, if UE is not paged, it goes back to sleeps till the next
PO. The UE monitors only one PO in every IDRX cycle. As IDRX allows
long deep sleep with occasional waking up, it resulted in substantial power
saving at UE in the legacy network. However, due to SSB measurements
the IDRX cycle becomes complicated in directional air interface expected
in 5G and B5G networks. The UE should first perform beam alignment by
measuring SSBs in the SSB burst set to receive PDCCH for paging. Kindly
note that these SSB measurements are to be performed in every IDRX cycle.
During the duration between SSB measurement(s) and PO, the UE cannot
transit to deep sleep as the transition energy is high. Furthermore, according
to recent 3GPP discussion, multiple SSB measurements are required in each
IDRX cycle [11]. This reduces the overall deep sleep time of UE as shown in
Figure 1 since the IDRX cycle is imbued with several light sleeps and SSB
measurements. As the number of beams increase with the increase in carrier
frequency for wireless communication, the power consumption in IDRX cycle
would further increase as shown in Figure 3. In Figure 3, we consider three
SSB measurements per IDRX cycle. The intermediate light sleep is also
considered. The details and parameters for the analysis are given in the
subsequent sections. Figure 3 clearly shows that the power consumption
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Figure 2: SSB Transmission and Beam Alignment.

in IDRX cycle of 5G and B5G is substantially higher than the legacy LTE
networks and keeps increasing with the increase in number of beams. Thus,
motivated, we propose a novel SPOP mechanism that can improve UE’s
power saving in 5G and B5G networks.

2.8. C. Related Work

Wireless networks forms one of the largest share of the Information and
Communication technology (ICT) today while also supporting various other
industries [12]. These industries are expected to further benefit from devel-
opments in 5G and B5G communications. The progress of 5G NR, speci-
fied by 3GPP, has presented several novel opportunities and prospects for
the mobile communications ecosystem [13]. However, this progress has not
been matched by developments in power saving technologies especially at
the UE. There are some works on power saving at the network in view of ul-
tra dense and massive base station connectivity expected in future 5G/B5G
communications [14, 15, 16, 17]. These works evaluate: energy efficiency in
5G networks while considering Cloud-RAN [14], dynamic energy consump-
tion control by power-off/on procedure on base stations using graph-theory
[16], base station selection optimization [15] and green cloudlet network
[17]. In particular, the 5G and B5G networks are considering computa-
tionally intensive techniques like larger transmission bandwidths, advanced
coding techniques, higher modulation orders and sophisticated multi-antenna
schemes [18]. These in turn would result in higher energy consumption and
quickly depleting battery power, which already is one of the main dissatisfac-



tion area for the users [8]. Thus, it becomes crucial to consider novel power
saving techniques from the UE point of view. The second release of 3GPP’s
NR standards completed in the year 2020 discussed methods for UE’s power
saving in connected mode, such as power saving signal for discontinuous re-
ception, secondary cell dormancy, cross-slot scheduling, etc [19, 20]. Several
of these methods have been surveyed in [20]. From several such techniques
under consideration, in particular, we would like to highlight the wake-up
signaling. Wake-up signal indication (WUS) is a power saving identifier that
is introduced in Release 16 for power saving in a connected mode DRX. The
UE periodically monitors a narrow-band WUS at specific time instant, which
indicates UE whether to process the upcoming PDCCH or remain in sleep
mode [21]. Authors in [22] have presented a wake-up scheduling concept.
First offline modeling and optimizing of the wake-up scheduler parameters
is done for Poisson traffic. Then, the online optimization of the wake-up
scheduler is presented that could be used for any traffic distribution. DRX
mechanism without and with wake-up indication is simulated in [20]. For the
traffic model in connected mode DRX ‘OnDuration’ timer and ‘Inactivity’
timer are considered in ms. It is observed that wake-up indication intro-
duced in Release 16 for connected mode DRX can reduce 9% — 33% power
consumption compared with the DRX operation in Release 15. The work
in [23] also achieves higher relative power saving and reduced wake-up delay
than the existing mechanism. A three-state semi-Markov DRX model is con-
sidered with adjustable DRX cycle and novel monitoring. Pre-grant message
(PGM), a narrow-band control plane signaling method is introduced in [7]
to improve the energy efficiency of the UE. The work particularly highlights
effect on DRX with different traffic scenarios with latency constraints, like,
FTP traffic, video streaming and VoIP. While considering UEs capacity, the
power consumption at the base station is optimized in [24]. In [24], from
perspective of the UE, objectives like handover, signaling bits, availability
and power consumption linked to the data traffic are considered. Most of
these works however, are based on connected mode DRX (CDRX). Kindly
note that in connected mode DRX (CDRX), UE is connected to a specific
gNB and performs frequent PDCCH monitoring. On the other hand UE is
connected at the Mobility Management Entity (MME) level in IDRX and
can be located in a wider tracking area. In IDRX, UE transits to longer
deep sleep for more power saving as traffic activity is expected to be less.
While in CDRX the inactivity timer is of prime importance, the paging ar-
rival rate and number of UEs in a tracking area affect the power saving in an
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IDRX mechanism. To the best of our knowledge analysis of IDRX in B5G
and early paging indication applied to IDRX mode is limited in the existing
literature. More recently, 3GPP Release 17 scheduled for 2022 has placed
focus on UE’s power saving enhancements in idle mode as well [25]. In [26],
the difference in default IDRX cycle length and UE negotiated cycle length
are manipulated to achieve power saving in B5G networks. Two types of
PO monitoring are considered (i) both paging message and short message
monitoring in one type of PO and (ii) only short message monitoring in the
second type of PO so that System Information (SI) updates and emergency
notifications are not missed when UE negotiated cycle is considered [26]. In
this article, we propose a novel paging monitoring concept, Split PO paging
(SPOP), for the idle mode DRX (IDRX) mechanism that is different from
the work in [26]. We believe that with longer opportunity for deep sleep,
IDRX mode has more potential for higher power saving and battery life im-
provement and requires more research focus. Moreover, the proposed SPOP
would serve better than using WUS for IDRX as it circumvents the need
to design and implement additional WUS for IDRX mechanism while also
facilitating early paging indication. Thus, SPOP saves not only more power
at the UE but also precious radio resources.



Table 1: Related Work.

Technology

Approach Objective(s) Work summary

-Considering cloud-RAN [14]

Power saving -BS selection optimization [15]

Evaluate EE in 5G networks.

at the network -BS power-off/on by graph-theory [16]

-Green cloudlet network [17]

Discontinuous reception,

Power saving Survey of the candidate
at the terminal techniques secondary cell dormancy,
' cross-slot scheduling, etc. [20]
Periodically monitoring of WUS [21]
Wake-up signal (WUS) Power saving in First offline modeling
CDRX connected mode DRX. then online optimization of

the wake-up scheduler parameters [22].

Wake-up signal (WUS) Power saving and

CDRX reduced wake-up delay. with adjustable DRX cycle

adaptive switching [23].

A three-state semi-Markov CDRX model

Pre-grant message (PGM),
a narrow-band control plane
signaling is introduced [7].

Wake-up signal (WUS) Effect on DRX for
CDRX different traffic scenarios.

Wake-up signal (WUS) Considering UEs capacity, Handover, signaling bits,

CDRX BS is optimized . linked to the data traffic [24]

the power consumption at availability and power consumption

Two types of PO monitoring.
Default IDRX cycle length and
UE negotiated cycle length

are manipulated [26].

Paging Monitoring

IDRX UE power saving.

3. Split PO Paging (SPOP)

According to current 3GPP specifications on NR, the SS Burst set com-
prising of multiple SSB’s are transmitted periodically with the default setting
as 20 ms [20]. The number of times SS burst set is monitored for SSB mea-
surements is critical to the pre-wakeup duration in directional IDRX. It is
notable that more than one SSB burst measurements are required in every
IDRX cycle as shown in Figure 1(b) [11]. The multiplicity in SSB burst
measurement is needed to decode PDSCH as it is more sensitive to the time-
frequency synchronization error, especially when reference signal density is
low [11]. Furthermore, the limited UE’s receiver antenna capabilities also ne-
cessitate several SSB burst measurements for time-frequency synchronization
to decode PDSCH [11]. PDCCH monitoring on the other hand can suffice



with single SSB measurement for synchronisation and do not need multiple
SSB measurements. By splitting PDCCH monitoring from PDSCH decod-
ing, the pre-wake overheads, essentially required for PDSCH decoding, can
be reduced. This procedure is very effective when there is low paging arrival
in an IDRX cycle. In practice, UE’s frequently experience POs without any
paging message. Such POs do not require PDSCH decoding and SPOP al-
lows UE’s to skip inessential SSB measurements in such POs. The proposed
SPOP, is shown in Figure 4. It can be compared to existing 5G-IDRX sce-
nario depicted in Figure 1(b). The SSB burst transmission is periodic and
thus, results in the time gap between SSB measurement instance(s) and PO
during which the UE cannot transit to deep sleep. Thus, distributive SSB
burst measurements are interleaved with light sleeps in between them and
the PO as shown in Figure 1(b) and Figure 4. When PDCCH for paging is
absent in PSO-1, the UE can transit to deep sleep as shown in Figure 4 case
2. Only when PDCCH indicates presence of paging in PSO-1 then multiple
SSB measurements are performed as shown in Figure 4 case 1. To ensure that
the required SSB burst measurements are easily performed when necessary
(case 1), PSO-1 and PSO-2 should be aligned in multiples of SSB burst trans-
mission duration plus the related light sleep. In this way when the PDCCH
indicates paging arrival, the extra SSB measurements are easily performed
without any extra overheads. Thus, in SPOP, PDCCH monitoring acts as an
early indication that can inform UE whether to measure multiple SSB bursts
and decode PDSCH or continue to sleep. Moreover, unlike WUS, there is no
need to design, implementation and resource allocation for an extra signaling
for early indication.

Though the deep sleep duration shows sharp contrast in case 1 and case
2 of Figure 4, the actual power saving depends upon the paging arrival rate.
Thus, to ascertain the probabilities of case 2 and case 1 in Figure 4, we use
Markov’s state diagram as shown in Figure 5. A Markov chain is a Markov
process that helps to predict the status of an object or phenomenon at future
times. The Markov process is used as the probability of a transition from
state m to state n. It does not depend on the global time and only depends
on the time interval available for the transition [27]. Proposed Markov’s
state diagram for SPOP is shown in Figure 5, has the following states, time
intervals and transitions:

1. In state S;;, we consider a combination of the first SSB measurement
and PDCCH monitoring in PSO-1 along with the intermediate light
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sleep. State S, also comprises of Deep Sleep-1, which is always sup-
ported indifferent of presence or absence of paging in PSO-1. Thus,
the duration of Sy is equal to Tpsi + Tssp + Trs + Tppccu, Where,
Tpsi, Tssp, Trs and Tpso_1, respectively are the deep sleep duration-1,
SSB measurement duration, light sleep duration and PSO-1 duration.
In every IDRX cycle, UE has to measure SSB at least once to receive
PDCCH for paging indication. If paging is not received, UE transits
to S3; with probability Pj;s;, where it can enjoy the extra deep sleep
avoiding inessential SSB measurements. However, if the PDCCH for
paging is received, the UE transits to the state S; with probability
Py, 2. Note that 7 represents the number of IDRX cycles in the Markov
chain, and it varies as 1,2,3,4,...,n,(n + 1)... for IDRX cycle number
1,2,3,4,...,n,(n+ 1)... respectively. Also note that, ¢ does not incre-
ment in these transitions to Sy ; and Ss; from Sy ; as UE remains in the
same IDRX cycle.

2. Sy, represents the combination of additional m SSB measurements for
PDSCH decoding and duration of PSO-2 along with intermediate light
sleeps. The duration of Sy ; is therefore equal to m * Tsgp + (m + 1) *
Trs + Tpsoo. If the UE ID is included in the PDSCH message, UE

Casel: When UE receives is Paging in the PO

2 .
8 £
Beam £ Beam Beam 3
Searching 2 Searching Searchlng g
m 0 T SN : Z
veepseep 105 TS e B v 10 S
= (-
Paging Sub-Occasion 1 Paging Sub-Occasion 2
&
5 Case2: When UE does NOT receive is Paging in the PO
Beam =
Searchlng §
&0 g; {2 “S hnlj’ Light &
Deep Sleep 17 U7 (Ul 7 SleepB Deep Sleep

| ew___________________________________________0§

—
Paging Sub-Occasion 1

Figure 4: Split PO for UE’s Power Saving in B5Gs

11



transits to active state Spo with probability Ps; g0, else, it transits to
S1,+1 With probability Ps; (;+1). Here, the increment in 7 indicates the
transition to the next IDRX cycle.

3. S3; represents the extra Deep Sleep-2 of duration Tpge. This deep sleep
occurs only when the PDCCH for paging is not received in PSO-1, as
shown in Figure 4 case 2 and is equal to m*Tssp+(m+1)*Ts+Tpso-2-
The UE transits from S3; to 51 ;41 with probability Ps; (;41) such that
¢ increments and UE moves to next IDRX cycle with probability one.

4. Sy represents the active state where the UE is not in the IDRX cycle.
If UE keeps receiving data packets and does not get the opportunity
to transit to IDRX mode, it remains in the active state with the prob-
ability P00, else it transits to S;; with probability Fyo 1.

We can obtain the transition probabilities for state model in Figure 2 as:

Poooo = (1 — e 1) (1)
Poo1 = (7M7) (2)
lei —1— e_A(TDSI‘f‘TSSB+TLS+TPS071)M (3)
Pli,3i — ¢ MTps1+Tssp+TLs+Tpso1)M (4)
Pyigo=1— e~ AMmxTssp+(m+1)xTLs+Tpso-2) (5)
Py 11y = e~ MmxTssp+(m+1)xTLs+TpPso-2) (6)
Psingiyny =1 (7)

where, A is paging arrival rate, T7 is the inactivity duration and 7 = 1,2,3...n
(For analysis purpose, we considered “n” IDRX cycles). It is notable that
several UE’s can be configured in each PO [28]. Thus, M is a crucial pa-
rameter in Py;9; and Py; 3; since the PDCCH for paging would be present
even if at least one of M UEs is paged. The consolidated probability matrix
corresponding to the state diagram in Figure 2 can be obtained as:
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Let ITy; for @« = 1,2,3...n denote the steady state probability of staying
in state Sp,; of the Markov chain. Using ). II;;, = 1 and balance equation
II = )", mki Py ji, we can calculate the steady state probability of staying in
the state S; ;. The steady state probabilities Iy and II;; for states Spo and
S1.1, respectively are given as:

( zjl: HQiPQi,OO>
(1 - POO,OO) 7 (8)
1_[11 = (HOO)(POO,H) (9)

HOO =

The steady state probabilities of staying in the state S;;, S2; and Ss;,
can be obtained as
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a1y Pogi1y,16 + sy, i=23,.(n—-1)
IIy; = , (10)
o1y Pon—1),1n + U3(n—1) + o1y Pon,1in + 30,0 = n
Iy; = 1Ly Py 24, 1=1,2,..n (11)
s = 1Ly Py 34, i=1,2,..n (12)

To evaluate power consumed in different states, it is important to evaluate
holding times for those states [29]. Holding time is the time UE spends in
the given state. We can find the holding time of states Sopg, S1,, S2,, and
531' as:

1 _ e—)\T]
E[Hoo] - (1 _ e—’\)e—ATI (13)
1 — e~ MM (Tps1+Tssp+Trs+TPpocH)
EHy| = 14
[ 12] )\M ( )
1 — e~ NTDS2)
E[Hy] = ————. (15)
E[Hs) = Tpso (16)

where, Tpss = m*Tssp + (m+ 1)« Trs + Tppscu- Using the holding times
and steady state probabilities along with the power consumed in that state,
we can evaluate average power consumption ['y in SPOP as:

Z?:l(nliEHliPWIi + o Epp,, PWo; + U3 Egy,, PWs;)
Z?:l(nliEHli + HQiEHzi + HSZEH&)

where, PWy;, PWy; & PWs; are the power consumption values in the states
Sii, S2i & Ss;, respectively. They can be obtained by summing the power
consumed in different operations performed in the given state. Thus, PWy; =
PWps+ PWesp+ PWrs+ PWpso.1, PWay; = m*PWgSB+(m+1)*PWLS+
PWp50_2 and PW3Z- = PWDS. Here, PWDs, PWSSB, PWLs, PWPSO-l and
PWpso.a, respectively are the power consumed in deep sleep, SSB measure-
ment, light sleep, PDCCH monitoring and PDSCH decoding. The power
consumption would affect the UE’s battery life, which we subsequently eval-
uate using Peukert’s law. Peukert’s law [30] is one of the simple model to
predict battery lifetimes while taking into account the non-linear properties
of the battery. Peukert’s law relates the battery lifetime () to the discharge

r, =

(17)
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rate as ¥ = 7, where, [ is discharge current, a and b are constant. Ideally a
should be equal to battery capacity and b lies between 1.2 and 1.7 for most
batteries [30]. This model is applicable for the constant continuous load. For
non-constant load, Rakhmatov and Vrudhula proposed the extended version
of Peukert’s law [30] that we can be use for the evaluation of battery life as:

) S ST — T (18)

For p = 1, the equation (18) reduces to % [30].

To understand the cost of improved power saving and better battery life,
we also evaluate delay. Delay occurs as the UE wakes up only periodically to
monitor PO while the actual message might arrive in between the POs when
the UE is asleep. The decrease in power consumption can adversely affect
the delay in SPOP which makes the analysis of this tradeoff essential. Using
the work [31][32] the average delay is calculated as:

n
22‘:1 531,1'PS1,¢ + 532,¢P32,¢ + 533,¢PS3,¢
n

dspop = (19)

where Ps, ;, Ps,, & Ps,, is the probability of paging request and dg, ;, dg,,
& dg,, is the buffering delay during Si;, Si2; and Ss;, respectively. Let,
Ts1i = Tpsi+Tssp+Trs+Trpccn, Tsei = m*Tssp+(m~+1)«Trg+Tpso-2
and Ts3; = Tpso; using work [31], [32] the g, ,, ds,, & ds,, are computed as:

1 — e MTs1i

0s,, = Ts1; — 3 (20)
k
) 1 — e~ MTs2i
08y, = Ts2i — . (21)
k
i 1 — e~ MTs3i
05, = Ts3i — . (22)
k
The probability of paging request Ps, ,, Ps,, & Ps,, is given as [31], [32]
e M Ts1;
P, =a (m) (23)
e M Tsoi
Ps,, = p (m) (24)



e” M 1Lss
Psy. =1 (m) (25)

where o = (1 — e MTsi) (e Mw(TiTsu))
B = (1 _ e—/\kTsm) (e—/\k(Ti+T51i—T32i)) and
v = (1 _ G*AkTSSi) (G*Ak(Ti‘f‘TSi*TSSi)).

Finally, we would like to point out that while manifesting power sav-
ing at the UE, the location or mobility of UE is inconsequential. The PD-
CCH/PDSCH for paging are the broadcast signal because the location of
the UE within the cell is not known. These signals are intended for all the
UE’s whether they are near the base station or at the cell edge. Thus, the
location of the UE within the cell would have no effect on the split PO
paging. Furthermore, in proposed SPOP, we considers appropriate time in-
terval between PSO-1 where the PDCCH is monitored and PSO-2 where
the PDSCH is decoded. Thus, if PDCCH indicates the presence of paging
there is enough time for UE to measure SSBs for PDSCH decoding even if
it is moving within the cell. From mobility point of view this scenario is
similar to the existing system as in that case aswell UE first measures SSBs
then monitors PDCCH /decode PDSCH. Moreover, the time duration is very
small (20ms) between last SSB burst measurement and PDCCH monitoring
in existing system or PDSCH decoding in SPOP. Thus, the change in UE
location would be very small.

4. Performance Analysis of SPOP

The power consumption in directional IDRX is high due to long pre-
wake up with multiple SSB measurements for time/frequency synchroniza-
tion to prepare UE for PDSCH decoding. Depending upon the SINR (Signal-
to-interference-plus-noise ratio) before the paging reception in the PO, the
UE can configure up to three SSB burst measurements [2, 11]. Thus, in

Table 2: Performance Parameters

Parameter Value

DRX Cycle 1280 ms

No. of beams 16 ~ 128

a, b ] [5000 mAh, 1.1]
Tppccu, Tppscu, Twus, Tus] [0.2, 0.2, 0.2, 20] ms
[PWppccH, PWppscr, PWwus | | [100, 100, 100 |

[ PWssp, PWLs, PWps | [100, 20, 1 ]

A le—=7~ 5
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Figure 6: (a) Power Consumption with Varying Arrival Rate (b) Battery Life with Varying
Arrival Rate

accordance with the current 3GPP study, we consider one SSB measure-
ments for PDCCH monitoring and m = 2 additional SSB measurements
for PDSCH decoding for our analysis. We obtain the other parameters
given in Table 2 from 3GPP contributions [2, 11]. The IDRX cycle length
in considers as D = 1280 ms and the sleep time Tpg; is evaluated as
(D — (3Tssp + 4TLs + PSO-1 + PS0O-2)) based on Figure 4 case 1. Same
parameters applied to aforesaid analysis also used to obtain Figure 3, pre-
sented earlier in the paper. It is to be noted that the power-saving in SPOP
is achieved only when the paging indication in PSO-1 is absent. Thus, in
Figure 6(a), we show the power consumption of SPOP with respect to vary-
ing paging arrival rates A\. The figure also gives average power consumption
for the existing system. As expected, the average power consumption in
SPOP is substantially lower (around 51%) than the existing system in which
UE is always performing elaborate pre-wake. SPOP circumvents the addi-
tional processing when not necessary in the absences of PDCCH for paging.
Furthermore, SPOP performs better even when the high arrival rate is con-
sidered. The figure also depicts the effect of configured number of UEs in
a PO. As expected when M is high, the power consumption is high as the
probability of receiving paging increases. In existing system whether or not
paging is present, the UE should monitor all the SSBs as well as decode
PDSCH. Thus, for the existing IDRX (Figure 1(b)), the power consumption
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is almost same for all arrival rates. When paging is absent, UE would not
decode PDSCH and some power would be saved in existing system as well.
However, that value is very less compared to summation of power require-
ment for multiple SSB measurements, intermediate light sleeps and PDSCH
decoding. In existing directional IDRX, pre-wakeup is elaborate in every
IDRX cycle even when paging is absent, as a result, the battery life in SPOP
is higher compared to the existing system. It is almost twice and even more
than that of the existing IDRX even for a high arrival rate of A = 5 as shown
in Figure 6(b). For, M = 10, the battery life improvement can be as high as
61% than the existing IDRX with multiple SSB burst measurements.
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Figure 7: (a) Power Consumption with Varying Number of Beams (b) Battery Life with
Varying Number of Beams

In Figure 7(a), we show the effect of increase in number of beams on power
consumption. As the carrier frequency increases, the number of beams would
also increase. More beams would increase the time duration of every SSB
burst set. As expected, with more beams, the power consumption would
increase. However, compared to the existing IDRX the percentage of power
saved in SPOP improves as number of beams increase. The power saving can
be as high as 46.7% compared to existing system. When the number of beams
and subsequently duration per SSB burst is high, SPOP saves more power
by avoiding the non-essential SSB measurements. The increase in number
of beams would have detrimental effect on the UE’s battery life as shown in
Figure 7(b). It is clear from Figure 7 that SPOP would remain relevant for
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higher number of beams expected in future B5G wireless networks utilizing
carriers in the terahertz range. The proposed SPOP can manifest 53% saving
on battery life even with high number of beams by enabling extra deep sleep
when paging is absent.
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Figure 8: (a) Power Consumption with Varying IDRX Cycle Length (b) Battery Life with
Varying IDRX Cycle Length

The effect of IDRX cycle length on power saving and battery life is shown
in Figure 8 for the arrival rate of A = 1. In B5G networks, the UE’s are ex-
pected to support several new applications and services that may manifest
less frequent traffic eg. non critical applications to enable some part of In-
ternet of Things. Thus, it is important to consider the advantages of SPOP
when the cycle length is more than the considered configuration of 1280 ms.
In Figure 8, while the value of D increases in multiples of 1280 ms, the other
parameters remain the same. With the increase in the cycle length, the UE’s
deep sleep time increases. As expected, with the higher IDRX cycle length,
the power consumption reduces sharply. When the IDRX cycle length is long
the number of times SSB measurements are done reduces substantially. In
such a case power consumption for the existing case as well as SPOP de-
crease. However, the SPOP performs better than the existing system even
when the SSB measurements are performed for lower percentage of time in
the IDRX cycle length. With varying IDRX cycle length SPOP can manifest
upto 43% power saving and 47% battery life improvement for arrival rate
of A =1 compared to the existing IDRX system imbued with multiple SSB
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burst measurements in every cycle.
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Figure 9: (a) Average Delay with Random Arrival Rate (b) Average Delay with Varying
Number of Beams

It is natural to observe the effect of delay on IDRX cycle that is essentially
introduced for power saving and battery life improvement. This is because
the connection requests arriving during deep sleep, light sleep and SSB mea-
surement duration are buffered till the UE wakes up in a PO for PDCCH
monitoring. In Figure 9(a), we show the effect on delay with the varying
arrival rate while comparing it to the existing system. As observed form
Figure 9(a) the delay increases with increase in arrival rate for both SPOP
and existing system since more request are buffered with higher arrival rate.
However, the delay observed by SPOP is less than existing IDRX that has
inevitable SSBs measurement. This is because a paging request can be re-
ceived during the S ; state which is before the elaborate SSB measurements
and light sleep duration. On the other hand, in the existing system (IDRX
with SSBs) the UE receives the paging request after deep sleep, elaborate
SSB measurements and light sleep time. In SPOP if paging is received in
S1,; then only the UE transits to Sy ; for addressing the request. On the other
occasions when PDCCH for paging is absent, then there is no effect on delay
at all. We also show variations in delay with varying number of beams as
depicted in Figure 9(b). In case of SPOP, the delay observed by UE decreases
with increase in number of beam, as more number of beams reduces the UE’s
deep sleep duration. In practice, different UEs configured in a cell may have
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different arrival rates. Moreover, considering the dynamics, some UEs may
exit the tracking area while the new ones might be added. To further high-
light the effect of variable arrival rate and the number of UE’s configured
in a PO, we consider Figure 10(a) which shows more realistic results. In
Figure 10(a), for every IDRX cycle, we generate a random arrival in range
(A € 0, 3) and random number for UE’s configured in a PO. The simulations
are run for 10,000 IDRX cycles and a running average over every 1000 cycles
is evaluated. The figure shows the advantages of SPOP over a long interval.
It can be observed that the variations in power consumption very over a
small range from 394 to 408. Thus, SPOP performance in not compromised
in the dynamic environment that is usually expected in a wireless network.

—v—Simulation
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Figure 10: (a) Power Consumption with Random Arrival Rate and Users (b) Analytical
& Simulation Results

In Figure 10(b), we validate our analysis through simulation studies. For
simulations, we consider the following steps

1. We consider a cell where we uniformly distribute UE’s with Poisson
arrival. For our simulations, we have considered 30 UEs configured in
a PSO-1 with the arrival rate between [1, 5].

2. We generate paging request time for all the configured UE’s according
to Poisson’s distribution with the given arrival rate A. For every UE
the paging occurrence time is recorded as t; = le x;, where x; is a
random variable.
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3. The time line obtained in previous step is then overlapped with the
UE’s IDRX time line with cycle length of 1280 ms to find the IDRX
cycles when paging is received. Such arrival for all the M = 30 con-
figured UEs is then plotted and overlapped. This is done as all the M
UEs should monitor paging even if one receives arrival.

4. We consider duration of an hour and track for one specific UE the num-
ber of IDRX cycles when paging was absent and occasions when it was
present. Subsequently, we calculate the power consumption consider-
ing respectively one or three SSB measurements based on presence and
absence of paging during each trial.

5. The procedure is repeated for 50 trials. Finally, we calculate the average
power and compare it with the analytical result.

As expected from Figure 10(b), the power consumption increases with an
increase in the arrival rate. The simulation results follow the same trends as
analytical results and are comparable to the analytical results.

Finally, in figure 11 the number of UEs in a PO are varied and power
saving gains are analysed for proposed SPOP and ARS (Additional Reference
Signal) scheme in [33]. We compare with ARS as it is similar to early paging
indication manifested in PSO-1 of our proposal. It is observed from figure
11 that power saving gain decreases with increases in the number of UEs.
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This is expected since the large number of configured UEs in a PO would
increase the chance of paging requests in an IDRX cycle. It is notable that
all the UEs configured in a PO would perform SSB measurements, monitor
PDCCH and decode PDSCH even if one UE receives paging message. When
compared with the ARS scheme of [33], the performance of SPOP for a lower
number of UEs is better as unnecessary SSB measurements are avoided more
frequently, which reduces UE’s pre-wakeup energy overheads. For a high
number of UEs configured in a PO, the performance of SPOP is almost
similar to ARS scheme as the chance of several SSB measurements increases
with more possibility of paging arrival.

5. Conclusion

In this paper, we propose and analyze our novel proposal split PO paging
(SPOP) by using Markov chain modeling. SPOP can reduce UE’s power
consumption in directional Idle mode Discontinuous Reception (IDRX) of
B5G networks by manifesting early paging indication. In B5G networks, the
directional IDRX would require longer pre-wakeup in every cycle for beam
tracking and time-frequency synchronization. Proposed SPOP is an IDRX
optimization that provides early paging indication in order to avoid unneces-
sary processing and decoding when paging arrival is absent. In SPOP, when
UE does not receive a page, it can enjoy extended deep sleep. SPOP man-
ifests early paging by splitting the paging occasion into two sub-occasions
while ensuring appropriate time gap between the two sub-occasion so that
elaborate processing can be performed when paging is indicated. With vary-
ing paging arrival rate SPOP can save upto 50% power and 61% battery.
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