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ABSTRACT The evolution of the communication and computation systems enables the user equipment (UE)
to handle tremendous transmission data. However, the high-speed data processing also makes UEs release
heat andmight burn the chips inside the devices. The thermal issue would be more critical in millimeter-wave
communications. The massive antenna arrays and the radio frequency modules not only drain the UE
battery but also heat the devices. 3GPP also identified the thermal issue and suppressed heat generation
by temporarily reducing UE capability in Release 15. In this work, instead of reducing the UE capability,
we propose to apply the beam-aware Discontinuous Reception (DRX) mechanism to manage the power
consumption and temperature of UEs simultaneously. We are the first to analyze the temperature for UEs
with DRX configured. A semi-Markovmodel is provided, and we employ it to estimate the sleep ratio, packet
delay, and steady temperature. We use a simulation program to verify the proposed analytical model. When
comparing the beam-aware DRX with the baseline 5G NR DRX operation, we find that the beam-aware
scheme reduces the steady temperature from 38.2◦C to 26.7◦C . The results show that Beam-Aware DRX
could solve the thermal issue without sacrificing much performance of packet delivery latency.

INDEX TERMS DRX, overheating, heat dissipation, thermal analysis, cross-layer design, serving beam
pattern, 5G, beamforming, mmWave.

I. INTRODUCTION
Recently, the increasing number of connected user equip-
ment (UE) causes the explosion of data traffic over the
communication networks. To increase the throughput for
the communication requirements in the fifth-generation (5G)
New Radio (NR) networks, the network operators come up
with one prospective solution, which is exploiting the unused
spectrum with enormous available transmission resources,
such as millimeter wave (mmWave) frequency bands [1].
Therefore, mmWave technology development is imperative
for foreseeable communication networks, including beam-
forming technology [2]–[5].

Although the beamforming technology could enhance
the directional links and increase the transmission rate in
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mmWave bands, it brings a severe challenge in power as
well [6], [7]. The power amplifier (PA) should be used at
a higher voltage level than that of the fourth-generation
(4G) Long Term Evolution (LTE) PA, enabling the mobile
devices to satisfy the 5G communication requirements.When
PA operates at a high voltage level, the saturated output
power and gain limitation makes the power efficiency drop
massively and generates a considerable amount of thermal
energy [8]. Therefore, the massive antenna array used in
mmWave beamforming technology consumes higher power
than traditional devices’ antennas modules. Besides, the com-
pact size of the beamforming antenna generates more severe
heat, which increases the temperature of devices [9], [10].
The circuit’s power for a mmWave antenna is close to one
of the processors in a smartphone [11]. If a UE turns on
its RF module to receive the data for a continuous long
time, the temperature could quickly achieve uncomfortable
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temperature [12]. The overheating ofmobile devices damages
the function of devices and user experiences, especially for
wearable devices [13].

Discontinuous Reception (DRX) is one of the most critical
energy efficiency mechanisms on the UE side. Based on
the DRX operations, a UE can control its radio-frequency
(RF) module to decrease power consumption and confine
packet delay. It is expected that UEs in 5G networks will
continue using the DRX mechanism to save power [14].
In addition to power efficiency, DRX operations also have
an enormous impact on mobile devices’ heat. By control-
ling UEs’ RF circuit, a DRX mechanism could reduce a
considerable amount of heat from the mmWave antennas
circuits. To the best of the authors’ knowledge, there is
no research focusing on the relationship between the DRX
mechanism and the heat dissipation of UEs. Although it is
intuitive to reduce the mobile devices’ temperature with DRX
mechanisms, how to determine the DRX parameter value
for thermal performance enhancement and the amount of
decreasing temperature when we change the DRX config-
uration are unclear. Thus, we would like to evaluate and
analyze UEs’ thermal performance under different DRX
configurations.

Moreover, we found that a DRX mechanism with the
beam-aware design, which was used to improve UEs’
power efficiency in mmWave beamforming networks, further
reduces the temperature easily [15]–[18]. Since the UEs’
temperature increases massively when their RF modules are
turned on for a continuous period [13], the discrete wake-up
behavior in beam-aware design could maintain the low tem-
perature. In the 5G mmWave communication systems with
the beamforming technology, the gNB would choose some
beams in each time-slot to serve the corresponding UEs
sequentially. When the UEs’ RF module is turned on only
when the gNB serves the UEs, the UEs will not wake up for
a continuous long time. As a result, the UEs could keep their
temperature at a relatively low level.

In this paper, we explored the beneficial effect of the DRX
mechanism on the temperature of UEs. Besides, with the
awareness of both the overheating issue and the beam patterns
in mmWave bands, a DRX mechanism with a beam-aware
cross-layer design was proposed to reduce more heat than the
NR baseline scheme. The main contributions of this work are
summarized as follows.
• This work is the first research exploring UEs’ thermal
performance under a DRX operation. We evaluate UEs’
temperatures under different DRX configurations and
suggest a prospective direction for thermal enhancement
designs. (§IV)

• We apply a beam-aware cross-layer design in [18] to
reduce UEs’ temperatures. According to the observation
of a UE’s thermal performance in §IV, the UE following
a beam-aware behavior could prevent overheating prob-
lems effectively. (§V)

• The thermal analysis of UEs with a DRX mechanism
is provided to evaluate the performance better. The

expected values of the main performance metrics, i.e.,
sleep ratio, packet delay, and steady temperature, are
analyzed via a semi-Markov model. (§VI and §VII)

II. BACKGROUND
A. BEAMFORMING TECHNOLOGY IN mmWave
COMMUNICATION
The mmWave communication technology enables future
networks with a higher data rate, which meets the trans-
mission requirements in 5G communication systems. How-
ever, the tremendous propagation loss and mmWave bands’
directionality shorten the communication distance between
gNBs and UEs. With beamforming technology, the gNB
concentrates the transmission power in particular direc-
tions so that the received power of the UEs could be
enhanced. Although beamforming technology is essential
for the evolution of communication [2], [3], the antenna
array with beamforming technology generates extreme heat
power, which may damage the functionality of commu-
nication devices [9], [10]. With the assistance of robust
cooling systems, the temperature of gNBs could decrease
effectively. As for wireless mobile devices without external
cooling systems, they are easy to encounter overheating prob-
lems. Therefore, the technology of reducing the temperature
inside mobile devices is essential in future communication
systems.

B. THE ISSUE OF OVERHEATING IN 3GPP
STANDARDIZATION
As the UE capability improves in the 3GPP NR system,
the manufacturers identified that the high computation and
communication capabilities would make the UE overheated.
Therefore, 3GPP started the related specification in 2017.
To solve UE overheating, 3GPP proposed a procedure called
UE assistance information [19]. This procedure enables the
UEs to report their preferred configurations to the gNB
when the UE is suffering from a high temperature. With the
assistance information, the gNB could temporarily treat the
UE as the one with reduced capabilities and reconfigure it.
By reducing the number of component carriers, the band-
width, and the MIMO layers, the UE could communicate at
a lower transmission rate and cool down its radio frequency
front end and its computation units [20].

C. DRX MECHANISM IN 3GPP STANDARD
The DRX mechanism proposed in the 3GPP standard is
designed for UE power saving [21]. When a UE is configured
with DRX, it goes to sleep when there is no data transmission
and periodically wakes up to check if the downlink data
indication exists every DRX cycle (see Figure 1). If the
gNB transmitted new data, the UE stays active to receive the
incoming data. After that, the UE starts dormancy again. Dur-
ing the dormancy period, theUE is allowed to turn off its radio
frequency module and skip data transmission monitoring to
save power.
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FIGURE 1. DRX mechanism in 3GPP standard [19]. There are an ON
Duration and an Opportunity for DRX in one DRX cycle. Once a UE
receives any packets, it resets its drx-Inactivity Timer and extends the ON
Duration time. The gNB buffers the packets arriving in the Opportunity
for DRX and retransmits them in the next ON Duration.

D. UE ASSISTANCE INFORMATION FOR DRX MECHANISM
After the UE assistance information standardization, 3GPP
also proposed integrating the DRX configuration into the
feedback information in release 16 [20]. When a UE has
a different requirement level of power-saving and wants to
change the current DRX setting, the UE could provide the
preferred DRX configurations, such as the length of the DRX
cycle and drx-Inactivity Timer, to the gNB. The gNB could
then configure the UE properly to meet the requirement.
Note that the gNB might not satisfy the UE because the
reconfiguration of DRX for a UE might affect other UEs’
DRX performance. Thus, an algorithm is still essential for
the gNB to handle the reported assistance information.

III. RELATED WORK
A. LTE DRX
Until now, researchers have investigated power saving mech-
anisms in LTE cellular networks. Pocovi et al. found that
DRX patterns and Scheduling Request significantly impact
the possible latency and reliability in the LTE networks [22].
Considering the constraints on delay or power consumption,
Ferng et al. proposed a DADRX-AP scheme enabling radio
networks to find suitable parameter settings for UEs [23].
The Internet-of-Things (IoT) devices also encounter the prob-
lem of a massive amount of power consumption. Under
IoT scenarios, adaptive DRX designs are proposed, and the
packet delay and the sleep ratio of IoT devices are analyzed
[24]–[27]. The development of energy harvesting is a poten-
tial method further to enhance IoT devices’ power efficiency
[28], [29].

B. 5G NR DRX
For the 5G NR network systems, the DRX mechanisms with
the novel power-saving features are evaluated under vari-
ous services [30]–[32]. Many researchers pay attention to
the novel wake-up signal to save more power under DRX
operation [33]–[37]. As for the 5G mmWave communica-
tion networks, mmWave radio is easy to be blocked by the
buildings. Therefore, the studies of DRX mechanisms under
dual connectivity scenarios are essential in themmWave band
communication [38], [39]. There is plenty of research focus-
ing on the impact of beamforming on the DRX mechanism.
The DRXmechanism’s performance could be improved with

the awareness of the directional link in mmWave bands
[15], [18]. Under different applications and service scenarios,
the novel DRX design integrated with the process of beam
searching is proposed and evaluated [40]–[46].

C. THERMAL MANAGEMENT
To reduce the thermal restriction, most researchers focus on
the thermal management methods in mobile devices instead
of the DRX mechanism integrated with the thermal design.
The dynamic energy and thermal management (DTM) meth-
ods for multi-core mobile devices are provided in [47],
including dynamic power management, dynamic voltage fre-
quency scaling, and customization of processors adaptive to
the application. Singla et al. presented a dynamic thermal
and power management algorithm based on a reasonable tem-
perature prediction [48]. With the predicted temperature, this
algorithm could keep the processors operating within the per-
missible temperature. Considering the mobile gaming appli-
cation, Praksah et al. proposed a control-theory based DTM
that cooperatively scales both central and graphics processing
units [49]. Most DTM would sacrifice the application per-
formance to avoid thermal emergencies. Sahin and Coskun
analyzed the impact of application duration and the temper-
ature of existing DTM methods, then proposed a QoS-aware
technique to improve the performance [50]. Another solution
to cooling mobile electronic devices is using phase change
material (PCM). While changing phase from solid to liquid,
the PCM could effectively absorb the electronic components’
dissipating heat [51].

D. THE DIFFERENCE BETWEEN THIS WORK AND
PREVIOUS RESEARCH
Comparedwith the previousDRX research, we focus onUEs’
thermal performance under different DRX configurations and
different DRX schemes. The overheating issue is a pressing
challenge for the UEs in 5G NR systems, especially with
mmWave beamforming technology. Due to a lack of robust
cooling systems, mobile devices are easy to malfunction with
the massive amount of wasted heat. In addition to the power
efficiency and the packet delay, we emphasize the UEs’ ther-
mal performance under DRX operation. To the authors’ best
knowledge, the thermal analysis for the steady temperature
with DRXmechanisms is first provided in this research work.
Besides, compared with the NR baseline scheme, we pro-
posed that a DRX mechanism with a beam-aware design
could reduce the steady temperature more effectively. The
beam-aware DRX evaluated in this paper is the same as
the Beam-Aware DRX in [18] without Dynamic-Configured
Beam Frame. Therefore, the UEs only operate beam-aware
DRX in Static-Configured Beam Frames.

IV. THERMAL PERFORMANCE OBSERVATION
FOR NR BASELINE DRX
Via the UE assistance information, gNBs could reconfig-
ure UEs’ DRX parameters to decrease their temperature.
Although DRX is served as one of the possible options to deal
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with overheating problems, there is no research focusing on
UEs’ thermal performance under DRX operation. Therefore,
we would like to evaluate UEs’ temperature under different
NRDRX configurations to investigate how to configure DRX
parameters to reduce UEs’ temperatures in the following. The
packet arrival rate is set as 0.03ms−1, and the total number of
beams is 8. Besides, the environmental temperature is 25◦C ,
and the highest temperature of the RF module is 45◦C .

A. LONGER SLEEP TIME VS. SHORTER SLEEP TIME
To investigate the effect of DRX operation on the temperature
and verify the theoretical analysis derived in §VII-C1, we use
the different DRX parameter settings in the identical network
scenarios. That is, we focus on the temperature of a UE
with various DRX configurations. The network topology is
the same, and the packet arrival rate is fixed to 0.03 ms−1.
In Figure 2, the UE is configured with different length of
DRX cycles and the fixed drx-Inactivity Timer. The length of
drx-Inactivity Timer is 40ms, and that of DRX is 80 or 320ms
as Figure 2(a) shows. With the fixed length of drx-Inactivity
Timer, the longer the DRX cycle is, the longer the UEs’ sleep
time is. The RF module is turned off when the UE goes to

FIGURE 2. An initial temperature evaluation of NR DRX. The result shows
that the UE with long sleep time could reduce a massive amount of
temperature.

sleep, so the longer DRX cycles lead to a more extended
cooling period. Therefore, after the same simulation time,
the UE with longer DRX cycles could lower its temperature
than the UE with a shorter DRX cycle in Figure 2(b).

B. LONGER ON DURATION VS. SHORTER ON DURATION
UNDER THE SAME TIMER RATIO
Figure 3 demonstrates theUE’s temperature underDRXoper-
ations when the UE is configured with the shortONDuration
configuration and the longONDuration configuration. These
two settings are illustrated in Figure 3(a). In the former
one, the DRX cycle length is 10 ms, and the length of drx-
Inactivity Timer is 2ms. As for the latter one, the length of the
DRX cycle and one of drx-Inactivity Timer are set to 100 ms
and 20ms. Therefore, we could explore the effect of different
DRX cycle lengths on the temperature under the same timer
ratios. That is, the ratio of the length of drx-Inactivity Timer
to that of DRX cycles are identical, but the DRX cycle lengths
are different in these two configurations. In Figure 3(b),
the UE with the short ON Duration configuration decreases
more temperature than the UE with the long ON Duration

FIGURE 3. An initial temperature evaluation of NR DRX. The result shows
that the UE could reduce the temperature if it wakes up frequently, and
the RF module is only turned on for a short time.

VOLUME 9, 2021 34695



A. Huang et al.: Thermal Performance Enhancement With DRX

FIGURE 4. The beam-aware DRX operation in the static serving beam cycles. Based on the serving beam cycle, the UE on
Beam-3 only monitor PDCCH when the gNB uses Beam-3 to schedule data; however, the RF module of the UE with NR DRX
would be turned on continuously. In Active and Inactive, the UE wake-up pattern follows the serving beam cycles. Any packet
arrivals extend the active time of the UE. After the long sleep time (DRXsleep), the UE’s RF module is turned on for a short
time (DRXcheck). If there are any incoming packets, the UE will return to Active.

configuration. In other words, the UEs waking up for a short
time frequently reduce the temperature effectively. There-
fore, the DRX mechanism with a beam-aware design could
further enhance the thermal performance of UEs. Under a
beam-aware DRX operation, the UE’s RF module is turned
on only for a short beam period many times rather than for a
continuous long time. As a result, a beam-aware DRX could
keep the UEs’ temperature low even if the traffic load is
heavy.

V. THERMAL ENHANCEMENT WITH
BEAM-AWARE DESIGN
UE overheating is a critical problem for the NR system,
especially in mmWave communication with beamforming
technology. 3GPP enabled UEs to feedback assistance infor-
mation so that the gNB could relieve the loading of over-
heated UEs. However, instead of reducing the capabilities of
overheated UEs, we proposed to solve the problem of UE
overheating by the configuration of the DRX mechanism.
Although the DRX mechanism is designed for UE power
saving in the 3GPP standard, it is evident that the UE temper-
ature would decrease during the dormancy period. Moreover,
the UE can also report the DRX assistance information in
the 3GPP standard of release 16. However, there is a lack
of studies investigating the relationship between UEs’ DRX
behaviors, and UEs’ temperature. Consequently, we focus on
the thermal analysis of the DRX mechanism in this work.
In §IV, we compare the thermal performance of UEs under
different DRX configuration. The results in Figure 2 show
that the longer sleep time could reduce the UE’s tempera-
ture with the same length of drx-Inactivity Timer. Moreover,
when the DRX timer ratios are identical in Figure 3, the UE
configured with the shorter DRX cycle and the shorter drx-
Inactivity Timer could decrease its temperature massively. A
beam-aware design in [18] makes a UE wake up for a short

time frequently, and the UE’s behavior is similar to that with
the shorter ON Duration configuration in Figure 3(a). There-
fore, according to the initial observation of the temperature
under NR DRX operation, we propose to employ the DRX
with a beam-aware design to reduce the increasing amount of
temperature of UEs.

Beam-Aware DRX design is proposed in our previous
work [18] to improve DRX energy efficiency. Here, we fur-
ther extend the beam-aware DRX design to improve the
thermal performance of wireless devices. According to our
observation in §IV, we find that the UEs could reduce
their temperature with frequent and short wake-up behav-
iors. Therefore, we avoid using the Dynamic-Configured
Beam Frame in [18] to prevent UEs from waking up for an
extended time period under heavy traffic load. In this paper,
the UE operates the beam-aware DRX mechanism in the
Static-Configured Beam Frames as Figure 4 shows. That is,
the gNB would use only one beam to schedule data in each
time-slot. Via the beam management process [52], the gNB
would find out the best beam pair for each UE. It sequentially
serves each UE with the beam pointing to every direction
in one serving beam cycle (T ssbc). According to the repeated
serving beam cycles and the beam pair information, the gNB
could configure UEs with suitable DRX parameter settings.
And then, the UE wakes up only when the gNB uses the
corresponding beam to serve itself. Therefore, the beam-
aware design could prevent UEs from wasting power to wake
up when the gNB is scheduling data to another UE. In Active
and Inactive, the UE with the beam-aware DRX would wake
up for one beam period (Tb) in each serving beam cycle to
monitor PDCCH. Similar to the NRDRX, any packet arrivals
would extend the UE’s active time under the beam-aware
DRX operations. When the UE does not receive any packets
for a predefined period, the UEwill enterDRXsleep, i.e., a long
sleeping time to decrease its temperature. The gNB buffers all
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packets when the UE is sleeping. After a long sleeping time,
the UE enters DRXcheck to wake up for a short time, and the
gNB could retransmit the buffered packets to it. Then, the UE
would return to Active.

VI. THE SEMI-MARKOV CHAIN DRX MODEL
In this paper, the beam-aware DRX operation applies the
Static-Configured Beam Frames for better thermal perfor-
mance. Similar to the mathematical model in [18], the DRX
mechanism includes four states in Figure 4: Active, Inactive,
DRXcheck, and DRXsleep. Nevertheless, since we do not apply
Dynamic-Configured Beam Frames in this paper, the state
transitions between different states are revised to model
the static beam patterns. The differences in modeling are
described in the following three aspects.

1) Instead of buffered packets, any packet arriving at UEs
in Active would make them stay in Active.

2) If there is no packet arriving in the UE with the last
Inactive, the UE enters DRXsleep rather than DRXcheck.

3) After leaving DRXsleep, the UE would only enter
DRXcheck in the beam-aware DRX in this paper.

With the semi-Markov model in Figure 5, we could model
the beam-aware DRX operation in Figure 4. The gNB could
use one beam to schedule the UEs in each time-slot and
sequentially serves the UEs on the beams of all directions in
one serving beam cycle. With the beam-aware DRX mecha-
nism, the destination UE turns on its RF module only when
the gNB uses the corresponding beam to serves. In contrast,
when the gNB serves other UEs on the different beams,
the destination UE goes to sleep. Therefore, the UEs could
reduce the temperature in Active and Inactive effectively.
There are one DRXcheck and one DRXsleep in a DRX cycle.
We describe these four states in the following.

1) Active (SS1): The UE staying in Active turns on its
RF module to monitor downlink signal, transmit data,
and receive packets. The beam-aware DRX operation is
different from the UE behavior in 5G NR DRX, which
is turning on its RF module all the time to receive data.
Instead, the UE turns on its radio only when the gNB
serves it for a beam period in each serving beam cycle.
If any packets arrive at the UE, the UE stays in its

FIGURE 5. The semi-Markov model of each UE with the beam-aware DRX

mechanism, where PS (2, 1) =
∑NS

ic
m=1 PS (2m, 1).

current state at the end of this state; otherwise, it enters
Inactive.

2) Inactive (SS2m, ∀m ∈ {1, 2, . . . ,N S
ic}): Figure 5 illus-

trates that there are N S
ic substates in Inactive. The UE

behavior in each substate of Inactive is the same as
the one in Active. Similarly, the duration of a substate
is fixed to one serving beam cycle (T ssbc). Inactive in
the beam-aware DRX is similar to the drx-Inactivity
Timer in the beam-aware DRX mechanism, and the
total number of substates (N S

ic) corresponds to the timer
length. Thus, any packets arriving at theUE couldmove
it to Active and reset the timer. Otherwise, the timer
will count downs, so the UE enters the next substate
in Inactive or DRXsleep with no packets arriving.

3) DRXcheck (SS3): In Figure 4, aDRXsleep and aDRXcheck
construct a DRX cycle. In DRXcheck, the UE wakes
up for one beam period (Tb) to monitor downlink sig-
nal. If there are any packets arriving in DRXsleep and
buffered, the gNB would retransmit them after the UE
enter DRXcheck. Therefore, the UE could receive the
buffered packets. The DRX cycle length is a multiple of
T ssbc, so gNB would use the correct beam to serve the
destination UE for a beam period at the end of DRX
cycle. If any packets arrive at the UE in DRXsleep or
DRXcheck, it would receive data at the end of the DRX
cycle and enters Active in the next state; otherwise,
it moves back to DRXsleep.

4) DRXsleep (SS4): The UE turns off its RF module for
N S
dc · T

s
sbc − Tb in DRXsleep to save power. No matter

if there are packets or not, the UE will enter DRXcheck
after leavingDRXsleep. The gNBwould buffer the pack-
ets arriving in this state and retransmit them after the
UE enters DRXcheck.

VII. MATHEMATICAL FORMULATION
In this section, we would like to derive the thermal per-
formance metric, i.e., steady temperature, under both the
beam-aware and NR DRX operations. First, we use the
semi-Markov Chain model in Figure 5 to model the tran-
sitions between different DRX operation states in §VII-A.
Second, the UEs’ temperatures could be obtained with
the heating function and the cooling function in §VII-B.
In §VII-C, we calculate the UEs’ temperatures under the
DRXoperations with the semi-MarkovChainmodel, the tem-
perature heating function, and the cooling function to solve
the steady temperature.
In the analytical model, there are a gNB with N beams

and several UEs randomly distributed in the cell. Figure 4
depicts that the gNB chooses one beam to schedule data
for the UEs in each beam period (Tb) and serves UEs on
beams pointing to all directions sequentially in one cycle.
For each UE, the gNB serves it once every serving beam
cycle (T ssbc = N · Tb), and the serving time is one beam
period (Tb). Thus, the DRX operation of each UE is the same.
In the following, we will derive a steady temperature for

VOLUME 9, 2021 34697



A. Huang et al.: Thermal Performance Enhancement With DRX

each UE. The detailed derivation process of the traditional
DRX performance metrics, including sleep ratio and packet
delay, is in Appendix A. We use the Poisson process with
parameter λ to model the packet arrival process, and the
random variable of packet inter-arrival time is referred to
as ta. Besides, every UE is perfectly synchronized with the
gNB. Since the transmission rate is exceptionally high in the
mmWave band, we ignore the packet transmission time in
this paper. In the following, the important notation used in
the derivation is listed in Table 1.

A. TRANSITION PROBABILITY
We analyze the beam-aware DRX based on the semi-Markov
model in Figure 5. To calculate the performance metrics of

TABLE 1. Notation list.

beam-aware DRX, we have to derive the transition probabil-
ity firstly. The transition probability from state SSm to state
SSn is denoted as PS (m, n), where m, n ∈ SS and the state
set of beam-aware DRX SS

= {1, 3, 4} ∪ {21, 22, . . . , 2N S
ic
}.

We derive the state transition probabilities according to each
state as follows.

1) Transition probability from Active: At the end of
Active, the UE remains in the same state when there
are any packet arrivals in T ssbc; otherwise, the UE enters
Inactive. Therefore, the state transition is different from
that in Beam-Aware DRX, which stays in Active when
there are any buffered packets in the gNB [18]. The
transition probabilities from Active to Active and Inac-
tive are

PS (1, 1) = Pr{ta < T ssbc} = 1− e−λT
s
sbc (1a)

PS (1, 21) = 1− PS (1, 1) = e−λT
s
sbc . (1b)

2) Transition probability from Inactive: Similar to
Active, if the UE receive no packets in Inactive, it stays
in Inactive or enters DRXsleep at the end of this state.
Once receiving any packet arrivals, the UE moves to
Active at the next state. It is worth noting that the UE
with Beam-Aware DRX is moved to DRXcheck rather
than DRXsleep if there is no packet arrival in the last
Inactive substate [18]. The length of each substate in
Inactive is T ssbc. For m ∈ {1, 2, . . . ,N

S
ic − 1},

PS (2m, 1) = PS (2N S
ic
, 1) == 1− e−λT

s
sbc (2a)

PS (2m, 2m+1) = PS (2N S
ic
, 3) = e−λT

s
sbc . (2b)

3) Transition probability from DRXcheck: The packets
arriving DRXcheck and DRXsleep let the UE move to
Active at the end of DRXcheck. The UE will enter
DRXsleep when no packets arrive at the UE. The transi-
tion probabilities fromDRXcheck to Active andDRXsleep
are

PS (3, 1) = Pr{ta < N S
dcT

s
sbc} = 1− e−λN

S
dcT

s
sbc (3a)

PS (3, 4) = 1− PS (3, 1) = e−λN
S
dcT

s
sbc . (3b)

4) Transition probability from DRXsleep: At the end of
DRXsleep, the UE will enter DRXcheck whether there
are any packet arrivals or not. Thus, the probability of
entering DRXsleep is

PS (4, 3) = 1. (4)

As for Beam-Aware DRX, the UE may enter DRXcheck
or Active depending on whether there are any buffered
packets or not. The transition probabilities in this paper
and that in [18] are different as well.

Therefore, the transition probability matrix of the
beam-aware DRX is in Equation (5), as shown at the bottom
of the next page.
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B. THERMAL MODEL
We use the statement of Newton’s Law of cooling in [53] to
present the heat transfer in the UE when its RF module is
turned on and turned off. The statement is

Q = h · A · (K (t)− Ksur ), (6)

where Q is the heat transfer rate, h is the heat transfer coef-
ficient, A is the heat transfer surface area, K (t) is the UE’s
temperature at time t , and Ksur is the surrounding tempera-
ture. With Equation (6), we could express K (t) as

K (t) = Ksur + (K (0)− Ksur )e−t/τ , (7)

where τ is the time constant related to the material of UE.
When the RF module of UE is turned on, the temperature
of UE increases and reaches a maximal value (KRF ) after
a long time. Besides, the UE’s temperature decreases when
the RF module of UE is turned off. The temperature of UE
achieves the environmental temperature (Kenv) if the cooling
time is long enough. Therefore, we could use the following
two functions to represent the UE’s temperature when the
RF module of UE is turned on and turned off. The heating
function and the cooling function are

fht (K (t), ton) = KRF + (K (t)− KRF )e−ton/τ (8)

and

fcl(K (t), toff ) = Kenv + (K (t)− Kenv)e−toff /τ , (9)

respectively, where ton and toff are the wake-up time and the
sleep time of UE.

C. STEADY TEMPERATURE
Steady temperature (K∞) is the average temperature of UEs
in the long term. When the temperature of UEs reaches
a steady temperature, the expected increasing temperature
(E{1K }) after a DRX cycle should be zero. The range of the
steady temperature is between the environmental temperature
(Kenv) to the highest temperature of the RFmodule (KRF ). For
Kenv ≤ K∞ ≤ KRF , we would like to find the value of the
steady temperature (K∞) via the following equation

E{1K (K∞)} =
∑
k

Pr{Kend = k} ·1K (K∞, k) = 0, (10)

FIGURE 6. A toy example for the change in temperature of the UE with
NR DRX mechanism in a DRX cycle. When the UE’s RF module is turned
off, the temperature decreases to the value KN

L . The temperature
increases up to the value KN

H if the RF module is turned on. The length of
wake-up time (ton) and that of sleep time (toff ) affect the increasing
temperature (1K = KN

∞ − KN
end ).

where Kend is the temperature of UEs at the end of a DRX
cycle. Besides, the increasing temperature is expressed as

1K (K∞,Kend ) = Kend − K∞. (11)

Figure 6 shows the toy example for the temperature of a
UE with NR DRX. The UEs’ temperature is changed based
on the length of ON Duration (ton) and the length of sleep
time (toff ) in each DRX cycle. Since the length of sleep
time in a DRX cycle is fixed in this paper, we need to
derive the length of ON Duration to calculate the increasing
temperature. The length of ON Duration is varied with the
packet arrival time. If the length of ON Duration is long,
the increasing temperature after a DRX cycle is positive;
otherwise, the increasing temperature after a DRX cycle is
negative. Besides, in the beam-Aware DRX, the number of
each UE wake-up times in one DRX cycle also affects the
increasing temperature. Therefore, to calculate the increas-
ing temperature (1K ), we need to derive the temperature
at the end of a DRX cycle (Kend ) according to the DRX
mechanism.

To the best of our knowledge, no other researchers have
analyzed the steady temperature of UEs with the NR DRX
mechanism before. Thus, we will derive the steady tempera-
ture of the NR DRX (KN

∞) as the baseline scheme and that of
the beam-aware DRX (K S

∞) in §VII-C1 and §VII-C2 respec-
tively. Besides, to simplify the following deviations, we see
the long sleep time as the first part and the ON Duration as
the second part in a DRX cycle.

PS
=



PS (1, 1) PS (1, 21) 0 0 0 0 . . . 0
PS (21, 1) 0 PS (21, 22) 0 0 0 . . . 0

...
. . .

...

PS (2m, 1) 0 . . . 0 PS (2m, 2m+1) 0 . . . 0
...

. . .
...

PS (2NB
ic
, 1) 0 0 0 . . . 0 0 PS (2NB

ic
, 4)

PS (3, 1) 0 0 0 0 . . . 0 PS (3, 4)
0 0 0 0 . . . 0 PS (4, 3) 0


(5)
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1) THERMAL ANALYSIS MODEL OF NR DRX
Figure 6 shows that a DRX cycle contains one long sleep
time (toff ) and one wake-up time (ton) in NR DRX. Since the
sleep time is fixed to TNsleep, we could use the heating function
in Equation (8) and the cooling function in Equation (9) to
express the temperature at the end of a DRX cycle as

KN
end (K

N
∞, ton) = KN

H = fht (KN
L (KN

∞), ton) (12)

KN
L (KN

∞) = fcl(KN
∞,T

N
sleep), (13)

where KN
H is the UE’s temperature after wake-up time and

KN
L is the UE’s temperature after sleep time. For readability,

we present the increasing temperature in NR DRX as

1KN (KN
∞, ton) = 1K (KN

∞,K
N
end (K

N
∞, ton)). (14)

We need to derive the length of ON Duration (ton), which
affects the increasing temperature (1KN ). The ON Duration
is extended when the UE receives any packets arriving in
the ON Duration. As for the packets arriving in the UE’s
sleep time, they are buffered temporarily and transmitted
after the UE wakes up. According to the packets arriving
time, we could classify the events with different lengths of
ON Duration into three cases in Figure 7. For each case,
we derive the length of ON Duration and the probability of
the corresponding event. In reality, the unit of the timer in
NR DRX is time-slot. When the UE with NR DRX receives
a packet, the drx-Inactivity Timer is reset at the end of the
current time-slot, and the ON Duration is extended for TNI
time-slots. If there is no packet in the DRX cycle, the UE will
wake up for TNcheck and go to sleep for TNsleep.

• Case 1: If any packets arrive in the sleep time (TNsleep),
the gNB buffers and retransmits them when the UE
wakes up. Therefore, both the buffered packets arriving
in the sleep time and ones arriving in the ON Duration
would extend theONDuration. In this case, if the length
of extended ON Duration is nTb + TNI , the probability
of this event is Pr{ta < TNsleep} ·P

N
ext,n. P

N
ext,n is the prob-

ability of the ON Duration extended n more time-slots
once the drx-Inactivity Timer is reset. We could express
PNext,n as Equation (15) shows.

• Case 2: When there is no packet arriving at the UE’s
sleep time, the UE will wake up for a short time (TNcheck )
to check the packet arrivals. If there are any packets

FIGURE 7. The length of ON Duration affects the changing temperature of
the UE with NR DRX. According to the packet arrival time, we divide the
DRX operation with the different length of ON Duration into the following
three cases: 1) packets buffered in the sleep time, 2) packets arriving
after the UE wakes up, 3) no packet arriving.

arriving in TNcheck , the drx-Inactivity Timer will be reset,
and then theONDuration is extended.We consider these
three conditions:
1) There is no packet arrival in the sleep time,
2) A packet arriving at the UE at the mth time-slots in

TNcheck ,
3) The ON Duration is extended n more time-slots

after drx-Inactivity Timer is reset.
If the mentioned conditions are satisfied, the length
of the extended ON Duration should be (m + n)Tb +
TNI . Besides, the probability of this event happening is
Pr{ta ≥ TNsleep} · e

−λTb(m−1)(1− e−λTb ) · PNext,n.
• Case 3: If there is no packet arrival in both the sleep time
and theONDuration, the UE’s RFmodule is only turned
on for a short time (TNcheck ). Therefore, the ON Duration
is TNcheck , and the probability is Pr{ta ≥ TNsleep + T

N
check}.

Considering the mentioned three cases, we could express
Equation (10) in NR DRX as Equation (16) shows.

2) THERMAL ANALYSIS MODEL OF THE BEAM-AWARE DRX
For the beam-aware DRX, each UE’s RF module is turned
on only when the gNB serves it, so the wake-up time (ton)
is fixed to Tb. There are many wake-up time intervals and
sleep time intervals in a DRX cycle, so we use K S

H ,n and K
S
L,n

to present the UE’s temperature at the end of the nth wake-up
time and that after the nth sleep time, respectively. In Figure 8,
the temperature at the end of a DRX cycle is that at the end
of the last wake-up time. Considering the total number of the
wake-up times (non) in a DRX cycle, we could express the

PNext,n =

{
e−λT

N
I , when n = 0∑min{n,TNI /Tb}

s=1 e−λTb(s−1)(1− e−λTb )PNext,n−s, otherwise
(15)

E{1KN (KN
∞)} = Pr{ta < TNsleep}

∞∑
n=0

1KN (KN
∞, nTb + T

N
I ) · PNext,n

+Pr{ta ≥ TNsleep}
TNcheck/Tb∑
m=1

∞∑
n=0

1KN (KN
∞, (m+ n)Tb + T

N
I )e−λTb(m−1)(1− e−λTb )PNext,n

+Pr{ta ≥ TNsleep + T
N
check} ·1K

N (KN
∞,T

N
check ) = 0 (16)
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FIGURE 8. The change in temperature of the UE with the beam-aware
DRX. When packets are arriving in DRXsleep or DRXcheck, the UE will enter
Active, and its RF module will be turned on many times. Thus,
the temperature increases after a DRX cycle. If there is no packet arrival,
the UE wakes up once, and the temperature decreases.

temperature at the end of a DRX cycle as

K S
end (K

S
∞, non) = K S

H ,non , (17)

where

K S
H ,n = fht (K S

L,n(K
S
∞),Tb) (18)

K S
L,n(K

S
∞) =

{
fcl(K S

∞,N
S
dcT

s
sbc − Tb), when n = 1

fcl(K S
H ,n−1,T

s
sbc − Tb), otherwise

(19)

for all n ∈ {1, 2, . . . , non}. For the readability, we present the
increasing temperature in the beam-aware DRX as

1K S (K S
∞, non) = 1K (K S

∞,K
S
end (K

S
∞, non)). (20)

As Figure 8 shows, the UE enters Active after leaving
DRXcheck when there are any packets arriving at the UE in
a DRX cycle. The total number of wake-up times (non) of the
UE increases as well. If the number of UEs wake-up times
increases to n+N S

ic+2 in a DRX cycle, the probability of this
event should be PS (3, 1) ·PSext,n where P

S
ext,n is the probability

of the UE waking up nmore times once the UE enters Active.
PSext,n is derived as Equation (21), as shown at the bottom of
the page.

When there is no packet arrival in a DRX cycle, the UE
wakes up once. The probability of no packet arriving at the
UE is PS (3, 4). Therefore, in the beam-aware DRX, Equa-
tion (10) is

E{1K S (K S
∞)}

= PS (3, 1)
∞∑
n=0

1K S (K S
∞, n+ N

S
ic + 2) · PSext,n

+PS (3, 4) ·1K S (K S
∞, 1) = 0 (22)

VIII. NUMERICAL ANALYSIS AND SIMULATION RESULTS
In the following, we evaluate the beam-aware DRX and
conventional NR DRX mechanism in MATLAB programs.
The details of simulation setup and DRX parameter settings

are shown in §VIII-A. We validate the analytical model
with the simulation experiments for the beam-aware DRX in
§VIII-B with the MATLAB programs. Then, we compare the
performance of the beam-aware DRX design and NR DRX
mechanism under various parameter settings, including DRX
configuration and beam number, in §VIII-C.

A. SIMULATION METHODOLOGY
In the simulation, a gNB has multiple beams to schedule
data, and the range of total beam number is from four beams
to 20 beams. Also, there are two UEs with omnidirectional
antennas camping on each beam. For the beam frame con-
figuration, the length of a beam period (Tb) equals one slot
length. We adopt the fourth numerology in the 3GPP NR
frame structure, so the slot length is 0.125 ms in this paper
[54]. Therefore, the length of the serving beam cycle (T ssbc)
varies from 0.5 ms to 2.5 ms. Like the assumption in §VII,
the extremely high data rate in the mmWave band makes the
transmission time short enough to be ignored. The packet
arrival process is a Poisson distribution with λ = 0.03
ms−1 for each UE. As for the DRX configuration, the DRX
parameters in the simulation are picked from the suggested
parameters in 3GPP specification [20]. The range of the max-
imal length of Inactive is from 20ms to 100ms, and the DRX
cycle length varies from 80 ms to 440 ms. As we mentioned
in §VI, Inactive in the beam-aware DRX scheme corresponds
to drx-Inactivity Timer in the NR DRX. Once receiving any
packet arrivals, a UE enters Active first and then moves to
Inactive when there is no incoming packet. We would call
the length of one Active and N S

ic Inactive as ‘‘the length
of Inactivity Timer’’ for the readability. In our MATLAB
simulation, we use the thermal model in §VII-B to model the
UEs’ temperatures. The UE’s temperature is calculated with
equation (8) and equation (9) based on whether the UE’s RF
module is turned on or turned off. For this thermal model,
the time constant (τ ) matching the experimental results in
[55] is 7.5 × 105 ms. We set the environmental temperature
(Kenv) and the highest temperature of the RF module (KRF )
as 25◦C and 45◦C , respectively. In the following experi-
ments, we set the parameters to the default parameter setting
in Table 2 if the parameter values are not specified.

B. ANALYTICAL MODEL VERIFICATION
In Figure 9 and Figure 10, we change the length of the DRX
cycle and the maximal number of Inactive to examine the
effects from these DRX parameters and verify the correctness
in the analytical model with simulation results. Figure 9(a)
depicts that the sleep ratio increases with the long DRX cycle
length. Longer DRX cycle length implies longer sleep time
in DRXsleep, so the UE with the longer DRX cycle could

PSext,n =

{
e−λ(N

S
ic+1)T

s
sbc , when n = 0∑min{n,N S

ic+1}
f=1 e−λT

s
sbc(f−1)(1− e−λT

s
sbc) · PSext,n−f , otherwise

(21)
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TABLE 2. Default parameter setting for the beam-aware DRX evaluation.

sleep for a longer duration. With the longer DRX cycle,
theUE could savemore power; however, the packet delay also
increases as Figure 9(b) shows. The packets arriving at the
UE in the long sleep time are buffered and yield more severe
delay. In Figure 9(c), the UE’s steady temperature decreases
when the length of the DRX cycle becomes longer. When
the wake-up time is fixed, the UE’s RF module with a longer
DRX cycle would be turned off for a long time, so the steady
temperature is lower than that under the configuration with a
shorter DRX cycle.

Figure 10(a) demonstrates that the sleep ratio decreases
when the length of Inactivity Timer becomes longer. The
UE’s power consumption in Active and Inactive is higher than
that in DRXsleep and DRXcheck. The UE with the higher N S

ic
is easy to stay in Active and Inactive, so the sleep ratio is
low. The delay of the packet arriving in Active and Inactive
is lower than that in DRXsleep as well. Therefore, the longer
the length of Inactivity Timer is, the lower the packet delay
is in Figure 10(b). With the higher N S

ic, the probability of the
UE entering Active and Inactive increases. The temperature
of UEs in Active and Inactive is higher than that in DRXsleep
because the sleep time in Active and Inactive is shorter than
that in DRXsleep. Thus, in Figure 10(c), the longer length
of Inactivity Timer results in a higher steady temperature.
Obviously, the longer DRX cycle and the shorter Inactivity
Timer result in a higher sleep ratio, a longer packet delay,
and a lower steady temperature. By sacrificing the packet
delay performance, we could improve both the sleep ratio
and the steady temperature under the configuration with the
long DRX cycle and the short Inactivity Timer. There is a
tradeoff between power efficiency and packet delivery delay;
we could enhance one of them according to the requirements
in the communication scenarios.

C. COMPARISON WITH OTHER DRX MECHANISM
In the following, we compare the performance of the
beam-aware DRX design with that under the 5G NR DRX

FIGURE 9. The simulation and analytical results for the beam-aware DRX,
where Inact presents the length of Inactivity Timer.

operation in §II-C under the different parameter settings,
including the DRX cycle length, the length of Inactivity
Timer, and the total beam number of the gNB. We implement
the NR DRX mechanisms according to [21] where the UEs
control their RF modules based on the NR DRX timers. After
the beam management procedure, the gNB knows the UEs’
direction and could schedule the PDCCH on the correct beam
during each UE’s ON Duration. That is, the gNB would
choose the correct beam to schedule data when the corre-
sponding UEs wake up. The length of drx-Inactivity Timer
in the NR DRX corresponds to the duration of one Active
(T ssbc) and the maximal period in Inactive (N S

ic · T
s
sbc) in the

beam-aware DRX mechanism. In this paper, both of them
are referred to as ‘‘the length of Inactivity Timer’’. In the
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FIGURE 10. The simulation and analytical results for the beam-aware
DRX, where DRX presents the length of DRX cycle.

following, we set the length of drx-Inactivity Timer in the NR
DRX as N S

ic · T
s
sbc + T ssbc ms. Besides, we would adjust the

DRX configuration and the beam number of gNB to evaluate
the performance of the NR DRX and that of the beam-aware
DRX mechanism.

1) EFFECT OF DRX CYCLE
In Figure 11, we would like to compare these two DRX
schemes’ the performance under different DRX cycle lengths.
For the beam-aware DRX mechanism, we set the maximal
number of Inactive as 60. Since the length of the serving
beam cycle is 1 ms, the length of Inactivity Timer is 61 ms
for both the DRX scheme and the NR DRX mechanism.
In Figure 11(a) and Figure 11(b), compared with the NR

FIGURE 11. Performance results for the beam-aware DRX and 5G NR DRX
mechanism with different DRX cycle length.

DRX, the beam-aware DRX could improve the energy effi-
ciency without yielding a more considerable delay. Under the
heavy traffic load (λ = 0.03 ms−1), the UEs with both DRX
mechanisms are easy to stay in Active. With the beam-aware
DRX, the UE could only turn on its RFmodule when the gNB
is serving it in Active and Inactive, so the sleep ratio achieves
more than 90%. Besides, the packet delay is mainly ascribed
to the DRX cycle, so the delay of these two DRX schemes
is similar under the same DRX configuration. Obviously,
the beam-aware design could effectively reduce the unnec-
essary power consumption mentioned in [18] effectively in
mmWave communication systems. In Figure 11(c), the steady
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FIGURE 12. Performance results for the beam-aware DRX and 5G NR DRX
mechanism with different length of Inactivity Timer.

temperature in the NR DRX is much higher than that in the
beam-awareDRXmechanism. In theNRDRX, theUE’s tem-
perature is even higher than the body temperature when the
DRX cycle length is 80 ms. In the mmWave communication
networks, the heat generated from RFmodules is more severe
than that in the 4G system. Besides, the high temperature
is unacceptable for electronic devices or wearable devices.
Thus, the thermal-based design in the DRX mechanism is
essential for the mobile device.

2) EFFECT OF INACTIVITY TIMER
In either the beam-aware DRX mechanism or the NR DRX,
we fix the DRX cycle length to 440 ms and evaluate the

FIGURE 13. Performance results for the beam-aware DRX and 5G NR DRX
mechanism with different beam number.

performance with the different length of Inactivity Timer
in Fig. 12. Figure 12(a) depicts that the sleep ratio in
beam-aware DRX is much higher than that in NR DRX.
According to the serving beam patterns, the UE could prop-
erly control its RF module in Active and Inactive. Thus,
the UE would go to sleep to save more power when the
gNB uses another beam to serve. In Figure 12(b), the packet
delay in the beam-aware DRX and NR DRX is almost the
same because we use the sameDRX configuration to evaluate
the performance. Figure 12(c) shows that the temperature of
UE with NR DRX increases massively when the length of
Inactivity Timer becomes longer. With the NR DRX, the UE
extends its ON Duration continuously to receive data; how-
ever, it with the beam-aware DRX is only turned on for a
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short period many times. Therefore, the UE’s temperature in
the beam-aware DRX could be reduced effectively with the
thermal-based cross-layer design, which is consistent with the
observation in §IV.

3) EFFECT OF BEAM NUMBER
The total number of beams for the gNB varies from 4 to 20
in Figure 13. For the DRX configuration, we set the length
of Inactivity Timer and that of DRX cycle as 61 ms and
440 ms, respectively. The beam number has little impact
on the performance of NR DRX because the UE operates
the NR DRX mechanism according to the packet arrivals
instead of serving beam patterns. Therefore, the performance
metrics of NR DRX are almost the same under different
beam numbers. Figure 13(a) depicts that the sleep ratio in the
beam-aware DRX scheme becomes higher when the beam
number increases. The UE with the beam-aware DRX goes
to sleep when the gNB serves other UEs on the different
beams, so the sleep time in one serving beam cycle is longer
when the beam number increases. The sleep ratio increases as
well. Since we fix the length of Inactivity Timer and that of
the DRX cycle, the packet delay of both DRX mechanisms
in Figure 13(b) is the same under different beam numbers.
In Figure 13(c), the larger the beam number is, the lower the
UE’s steady temperature is in the beam-aware DRX mecha-
nism. The serving time of the gNB is fixed to one beam period
(Tb). In Active and Inactive, the long sleep time of UE results
in the low temperature. Therefore, the performance of the
beam-aware DRX surpasses that in NR DRX. Besides, under
the mmWave networks with higher beam numbers, the UE
operating a beam-aware DRX could save more power and
reduce the temperature.

IX. CONCLUSION
5G wireless communications widely applied the beamform-
ing technology to satisfy the high requirements, especially
for mmWave communications. The heat generated by the
beamforming antenna arrays and RF modules makes the UE
overheating issue more vital. The high temperature might
damage the function of electronic devices. Besides, beam-
forming brings the directionality issue to wireless communi-
cation links. Such link directionality makes the existing DRX
inefficient andwastes precious energy. It is easy for aUE to be
‘‘out-of-beam-coverage’’ in its ON Duration when the gNB
uses another beam to schedule data.

In this work, we proposed to employ the DRX frame-
work with a beam-aware design to solve UE power con-
sumption and overheating. We use a semi-Markov chain
to model the behavior of UEs and validate the model by
simulations. Under the heavy traffic load, a beam-aware
cross-layer DRX with various DRX cycles provides up to
165.3% improvement in the sleep ratio without a more con-
siderable packet delay. Besides, the UE’s temperature under
a beam-aware DRX operation decreases from 38.2◦C to
26.7◦C
as well.

APPENDIX A
TRADITIONAL DRX PERFORMANCE METRICS
According to the semi-Markov model in Figure 5, we could
analyze the conventional performance metrics, such as sleep
ratio and packet delay, for the beam-aware DRX mechanism
in the following.

A. STEADY STATE PROBABILITY
We could use the transition probabilities in §VII-A to derive
the steady state probabilities 5S (m) ∀m ∈ SS for each UE.
5S (m) is the convergent probability distribution over state
SSm for each UE after a massive number of iterations. The
steady state probability matrix is

5S
=

[
5S (1) 5S (21) . . . 5S (2NB

ic
) 5S (3) 5S (4)

]
.

We could calculate5S via the following global balance equa-
tion. {

5S
· PS
= 5S

5S
· J|SS |,1 = 1,

(23)

where Jx,y is a x-by-y matrix with all its entries equal to one.
Despite the steady state probabilities, we need the expected

holding time (E{T Sh (m)} ∀m ∈ SS ) in each state to derive the
performancemetrics in the beam-aware DRX. Figure 4 shows
that the holding time in Active and Inactive is

E{T Sh (1)} = E{T Sh (2m)} = T ssbc ∀m ∈ {1, 2, . . . ,N
S
ic}. (24)

Also, the DRX cycle length is NB
dc · T

s
sbc. The UEs will turn

on their RF module for one beam period at the end of each
DRX cycle to check whether there are any buffered packets
or not. Therefore, we could express the expected holding time
in DRXcheck and DRXsleep as

E{T Sh (3)} = Tb (25)

E{T Sh (4)} = N S
dcT

s
sbc − Tb. (26)

B. SLEEP RATIO
Sleep ratio (RS ) and packet delay (DS ) are the two main
performance metrics of the DRX mechanism. For each UE,
RS is the ratio of accumulated sleeping duration to the total
observed time. A UEwith a higher RS means that it consumes
less power during the observed time. We could use the steady
state probability (5S (m) ∀m ∈ SS ) and the expected holding
time (E{T Sh (m)} ∀m ∈ SS ) to express E{RS} as

E{RS}

=

∑
m∈SS\{3,4}5

S (m)(T ssbc − Tb)+5
S (4)E{T Sh (4)}∑

m∈SS 5S (m) · E{T Sh (m)}
.

(27)

C. PACKET DELAY
A gNB would buffer the packets arriving at the sleeping UE,
and then the packet delay (DS ) increases. DS is the period
from the time when a packet arrives in the gNB’s buffer to
the time when the corresponding UE receives it. In this paper,
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we assume the best beam pairs are already established, so the
packet delay does not contain the delay caused by the beam
searching process. We need to calculate the expected delay in
each state firstly to get the overall packet delay. The delay is
caused by both the beam pattern in Active and Inactive and
the long sleep time in DRXsleep. The expected delay of active
UEs is

dSact =
1

2T ssbc
(T ssbc − Tb)

2. (28)

Besides, the expected delay of a packet buffered in UEs’ sleep
time could be expressed as

dSsleep =
1
2
(N S

dcT
s
sbc − Tb). (29)

Since the overall average delay contains the weighted sum-
mation of the expected delay in each state, we derive the
expected overall packet delay as

E{DS} =
1∑

m∈SS 5S (m) · E{T Sh (m)}

·

[ ∑
m∈SS\{3,4}

5S (m)E{T Sh (m)}d
S
act

+5S (4)E{T Sh (4)}d
S
sleep

]
. (30)
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